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This report stems from a two-day workshop on "Biotechnology
Aided Synthesis of Aerospace Composite Resins” held August 25th
and 26th, 1987 at the Stouffer Dayton Plaza Hotel. This workshop
was sponsored by the American Society for Composites with
support from the Air Force Office of Scientific Research (AFOSR)
and the Air Force Wright Aeronautical Laboratories/Materials

Laboratory. This workshop was attended by personnel f{from
government and industry representing both aerospace materials and
biotechnology communities. A program and list of attendees are

attached in Appendices A and B, respectively.

Introduction

A previous AFOSR/ML supported workshop on the potential
applications of ©biotechnology to aerospace materials revealed
five major areas of interest. The areas identified include 1.
biomining, 2. bioelectronics, 3. biodegradation, 4.
examination of natural gystems for gtructure/property
relationships and novel design concepts, and 5. biosynthesis of
chemical intermediates for aerospace resinsg systems. Following
thig initial study a workshop was designed to focug on the area
of biosynthesis of chemical intermediates for aerospace resins
systems.

The goal of the workshop was to explore in depth the use of
biotechnology as a novel approach in the preparation of aerospace

resin materials, for the purpose of reducing cost in the
production of current materials, or to produce new materials of
superior properties which are presently unattainable by
conventional gynthetic routes. The main problems faced in the

exploration of this area have been a distinct language barrier
and a lack of fundamental understanding between technologies.

Therefore, the objectives of this workshop were firat to provide
an educational background for both aerogspace materials and
biotechnology communities, and second to promote interaction

between the two different communities to stimulate ideas for
future work.

The workshop was divided into two sgessions. The first
session congsigsted of a geries of lectures from both the aerospace
materials and biotechnology communities to provide the
educational background necegsary for communication. The second
session comprised of round table discussions on various topics
concerning the use of biotechnology in the development of
aerospace resin materials. The topics discussed included cost
factors involved in the R&D of biotechnology, suggestions for
improving communications between the two technologies, the role
of the Air Force 1in promoting 1interaction and growth in
biotechnology and the scientific issues involved in ~combining
biotechnology and synthetic chemistry.
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Educational Background

The educational background was provided by six lecturers,
three from the aerospace resing community and three from the
biotechnology community. The lecturers from the aerosgpace
community included Mr. Donald Schmidt, consultant for carbon-
matrix composites; Dr. Fred Arnold, AFWAL/MLBP; and Dr. Ronald
Bauer, Shell Development and Research Center. Their
presentations covered Carbon-Matrix Composites, Current And
Future Molecular Structures Of Aerospace Organic Matrix Resins,
and Indugtrial Perspectives On Current And Future Needs 1In
Aerospace Matrix Resin Chemistry, respectively.

The lecturers from the biotechnology community included Dr.

Masato Tanabe, S.R.I. International; Dr. Ronald Husa, Bio-
Technical Resources Inc.; and Dr. Denis Ballard, I.C.I.. Their
presentations covered Applications of Biotechnology to Synthetic
Chemistry for Aerospace Matrix Resins Development, The
Application of Hydrocarbon Bioconversion Technology to Aerospace
Materials Production, and The Marriage of Biochemical and
Chemical Concepts as Demonstrated by Preparation of

Polyphenylene, respectively.

The following is a summary of the presentation given at the
workshop.

Carbon-Matrix Composites

Carbon-matrix composites are advanced composites used 1in

aerospace technology for high temperature structural
applications. The carbon-matrix composites consist of a
carbonaceoug binder, reinforcing fiber, and sometimes a filler.

The carbonaceous binder or matrix regsins are derived from
thermosetting resins and thermoplastic pitches.

Carbon-matrix composites are made by three principle
methods. The first and most common procedure involves the
impregnation of a fibrous preform with a carbonizable precursor
followed by pyrolyzation in the absence of oxidizing agents.
Densification 1i8 achieved by additional matrix impregnation and
heat treatment cycles. The second method involves the
o infiltration of a porous article with a high carbon-containing
‘ liquid which is then treated to carbonization or graphitization
temperatureaes. The third method involves chemical vapor
deposgitior of carbon on a porous article.
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i The most important characteristics for the matrix resgin of
RO the carbon matrix composite includes a high char yield and easy
R& processability. Some of the factors which effect the
' processability of the resin material include the release of
- volatiles, the thermalexpansion coefficient, the viscosity, and
§$ the exotherm characteristics.
'l‘, 4
ﬁ* The char yield of the resin material is the ratio of the
) weight of the carbon in the original resin to the initial weight
Ve of the resin. The ideal molecular structure for high charring
}3 resing includes a high degree of aromaticity and high molecular
gﬁ weight. The aromatic rings should be separated by no more than
ﬁy one carbon atom to prevent sgcission and volatilization of
jﬁ: fragmented parts. Nitrogen if present should be located in the

AN ring structure and not in the chain structure.

The present materials used as organic precursors for carbon

ﬁ*@ matrix resins are thermoset reins and thermoplastic pitches. The
:mﬁ thermoset resins most widely used include phenolics,
hﬂo polyfurfurals and epoxy novolacs. The best char yield was
ﬁdg displayed with polyphenylene, however, synthetic processing of
O polyphenylene wag not efficient. Thermoplastic pitches are used
» to densify porous carbonaceous articles by impregnation of a
:M: porous structure, followed by carbonization. This process 1is
Qﬁt repeated wuntil the desired composite dengity 1is achieved.
:w: Thermoplastic pitches are made up of four components including
l*g asphaltenes, polar aromatics, saturates and napthene aromatics.
R
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i
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Lq Current And Future Chemistry Of Aerospace Organic Matrix Resgsins
t',';n‘
)
amq Research in both industrial and government laboratories has
m‘ provided a variety of new and unique thermally stable polymers.
?4' During the last decade the primary effort has been in the
QQ. development of new cure chemistry to provide matrix resins with
#, improved moisture resistance, thermal and thermooxidative
stability and toughness. New material concepts has also played
R an important role in structurally tailoring macromolecules for
%& advanced future aerospace systems.
ol
;gﬁ The current and future work in the Air Force on organic
JULN matrix resins for fiber reinforced structural composite
. applications is focused upon two materials technology areas,
N thermosets and ordered polymers. Within the thermoset technology
$ﬁ area, the two major chemical technology areasgs addressed are
ﬁm acetylene systems and benzocyclobutene systems. Within the
ﬁh ordered polymer technology area, the specific chemical technology
e addressed is 1rigid-rod polymer systems such as the benzazole

heterocyclics.
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The acetylene terminated resin systems conaist of molecules
with terminal acetylene groups as the chemically reactive moiety
for a thermosetting cure reaction. The backbone of the resin
molecules can be tailored with various chemical stsuctures and
variable chain length. For T, values in the 200-350 C range such
as might be needed for Mach SSairframe useg or for turbine engine
applications, aromatic heterocyclic structures auch as
quinoxalines, imides, thiazoles, and triazines are used in the
acetylene terminated resin backbones.

The benzocyclobutene chemistry represents a new versgatile
technology for high temperature, addition curing resin systems
gith a hydrophobic cure site and use temperatures in the 500-600

F  range. It also represents a method of vastly improving the
thermooxidative stability and toughness of currently commercial
BMI resin systems. A number of chemical synthesis routes are
available to prepare functionalized benzocyclobutene end-capping
agents, however, all of these synthesis routes are expensive. A
biologically aided route to these end-cappaing agents, such as
the action of a dehydrogenase on a substituted ortho-xylene,
could have a significant impact upon the cost.

The ordered polymer systems developed by the Air Jlorce
include linear, rigid ol o lymers based upon the
po.yhenzobisimidazole, polybenzobisoxazole and
polybenzobisthiazole gystems. A potential application area for
the ordered, rigid-rod polymers which ig currently being studied
by the Air force is molecular composites. Molecular composties
essentially refers to composites in which reinforcement of the
matrix material is at the moleculr 1level instead of with
macroscopic fibere guch as graphite. The concept of molecular
compogites is to mix together coil-like polymers, which serve as
the matrix, with rigid-rod polymers, which provide fiber-type
reinforcement. 1Initial mixing followed by film formation affords
a planar molecular composite with random molecular orintation 1in
two dimensions. Further orienting of the film will give a
uniaxial oriented molecular composite.

Industrial Persgpective On Current And Future Needs In Aerospace
Matrix Resin Chemistry.

In 1986 the world wide market for advanced composites and
high performance adhesives was approximately 20 million pounds.
This includes approximately 10 million pounds of resin comprisging
90% epoxy resing and 10% bismaleimides, polyimides and
thermoplasgtics systems. The predicted market of advanced
composites in the year 2000 is 100 million pounds, which reflects
a resin usage of approximately 40 million pounds. The resin
systems used will most likely include epoxy, bismaleimides,
polyimides and thermoplastics.
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X} Epoxy resins are the most widely used matrix systems in

o performance composites. The epoXxy resin systems are reactive
gﬂ intermediates composed of a mixture of oligomeric materials
e containing one or more epoxy groups per molecule. The epoxy
resins are cured or crossed-linked into a three dimensional
‘ﬁ' network by a chemical reaction. The two groupg of curing agents
RQ used in aerosgpace technology are aromatic diamines and
A anhydrides.
%
o
v Bismaleimides matrix resins display improved
lﬁ thermomechanical properties compared to epoxy resins and are the
}s leading candidate for high temperature (300-500F) advanced
Rh composites. The current consumption of bismaleimides is
;q approximately 1.5-2.0 million pounds per year at a cost of #$25-
K 850 dollars per pound. The bismaleimides are prepared by
. reaction of diamine with anhydride. The properties of the
O bismaleimide can be tailored by varying the structure and

molecular weight of the diamine.

55 Polyimide resins, prepared by the reaction of dianhydride

00 and aromatic diamines, are another system being investigated for
high temperature advance composites. The problems of this system

34 have been hydrolytic instability and volatile evolution during

o cure which are a result of the polyamic acid precursor. The

.} solution to this problem has been the development of PMR

;hs polyimides where the precusor cures by addition polymerization.

1

’ Polyimides along with polyarylene ethers and polyesters are

A& examples of new high performance thermoplagtic resin systems.

§' Thermoplastics are amorphous or crystalline materials which

h display increased toughness and reduced pro.essing cost. Most of

'Q these materials are based on condensation type polymers with

?h difunctional reactive intermediates such as bisphenols, aromatic

) diamines, aromatic dianhydrides , and other difunctional

&k reactive intermediates. Some examples of commercial high

o performance thermoplastics include Ultem (GE), PEEK (ICI), and

4m Xydar (Dart Industries). The current market for high

:& performance thermoplastics is approximately 15-17 million pounds

e per year at a price from £2-8%90 dollars per pound.
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ﬂ; Applications of Biotechnology to Synthetic Chemistry

e

,: Biotechnology 1involves the use of living cella and their

y: active principles to produce a product such as pharmaceuticals,

I foodstuffs, and commodity chemicals. The products are pure

ﬂ. compounds, mixtures, and cell fractions or biomass and are

s derived from de novo formation, transformation, or degradation of

rH substrates by the living cells.
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The most explored area of biotechnology ig the use of single
cells or microorganigsms to mediate biochemical reactions. Such
chemical reactions medicated by microorganisms include
Oxidations- Hydroxylation, epoxidation, dehydrogenation of C-C

bonds; oxidation of and aldehydes; oxidation of amines;
oxidative degradation of alkyl, carboxyalkyl, or ketoalkyl
chains; oxidative removal of substituents; oxidative deamination;
oxidation of hetero-functions- oxidative ring fiassion; and amine
N-oxides.

Reductiong- Reduction of organic acids. aldehydes, ketones and
hydrogenation of C-C bonds; reduction of heterofunctions,

dehydroxylation; reduction elimination of substituents

Hydrolysig- Hydrolysis of esters, aminea, amides, lactones,
ethers, lactams, etc.

Condensation- Dehydration; O- and N-acylation; glycosidation;
esterification; lactonization; amination

Isomerization- Migration of double bonds or oxygen functions;
racemization; rearrangements

Formation of C-C bonds or Hetero-atom bonds

The characterigstics for these enzyme-catalyzed reactiong include
reaction specificity, regio specificity, stereospecificity and
mild reaction conditions.

The Application of Hydrocarbon Bioconversion Technology to
Aerosgpace Materials Production

The ©biological production of alpha, omega~-alkanedioic acid
is one example of a hydrocarbon bioconversion. The bacterium
Rhodococcus and mutants developed in a strain improvement program
convert n-alkanas of 10-14 carbons., typically dodecane, to the
corresponding alpha, omega-alkanedioic acid, typically
dodecanediocic acid, with high yields and conversions. Conversion
is defined as the percentage amount in moleg of the n-alkane
consumed during fermentation by the bacterium without
consideration of the product of the bioconversion. Yield is
defined as % amount in moles of the n-alkane converted which ends
up as alpha, om,ega alkanedioic acid. The yields were 30-407%
with the final product concentrations in the range of 30 to 45
g/liter.

The ©biochemical pathway for omega-oxidation of hydrocarbons
by bacteria consists of a series of aingle step oxidations. The
process begins at one terminus of the n-alkane with oxidation to
a primary alcohol then to an aldehyde and finally to a carboxylic
acid. The same seriesgs of oxidations then proceed at the other
terminus. This multiple step bioconversion requires oxygen and
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o NAD+. Because of the multiple step process of the bioconversion
™ the whole cell approach is the most technically feasible.

Typical fermentation process development programs involves
four phases:

2 1. a strain improvement program

j: 2. shake flask and enzymology studies
A\ 3. pilot fermentation studies

W 4. bioreactor designs

. The strain improvement is accomplished by mutation/selection

h: methods. .

W .

,$ Another example of hydrocarbon bioconversion is a
IQ fermentation program develped to convert heptane to heptanoic
o acid. In this study the bacterium wused was Pgseudomonas

aeruginosga.

Ql

;} Acetylene terminated resins are one of several candidates
} being considered for potential aerospace applications. The
:Q acetylene-terminated resins have good mechanical properties, high
e thermal stability, good mechanical properties, high thermal
-4 stability and good retentioan properties after moigsture exposure.
12 The 1limiting factor for commercial applications is coat of the
? precursor meta-hydroxy phenylacetylene. There are two possible
X biological approaches for production of this precursor. One is

the enzymatic approach where a commercially available enzyme
would be sgcreened for its ability to selectively hydroxylate
phenylacetylene in the meta pogition under various conditions.
The sgecond approach is the use of a microorganism to convert
phenylacetylene to meta-hydroxy phenylacetylene.

¥yt
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The Synthesis Of Polyphenylene From A Cig-Dihydrocatechol
Biologically Produced Monomer

- 3 -
T -

One example of combining biotechnology and synthetic
a chemigtry 1is the production of polyphenylene by ICI. In this
N example benzene ig oxidized by oxygen utilizing the dioxygenase
d enzyme contained in the microorganism Pseudomonas Putida.
< Genetic manipulation produced a variant which gave exclusively
&2 the initial oxdiation product of benzene the cis-dihydrocatechol
. in practical quantities. Derivatives of the latter, in
R particular the methyl carbonate can be obtained pure and are very
gtable. They polymerise in the absence of solvent with radical
initiators to give a polymer. The latter is soluble in solvents
4 such as acetone and methylene chloride and readily forms coherent
} coatings and films. On heating, methanol and CO, are expelled
and polyphenylene is formed as a coating or film The
) aromatization can occur under homogeneous conditions in the basic
" golvent N-methyl pyrrolidone. Surprisingly, these partially
aromatized molecules are soluble even at conversion to 30% phenyl
i groups. The latter studies can be used to measure the glass
" trangition of polyphenylene which was found to be 283 degrees C.
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Neutron scattering studies have shown that the precursor
polymer is a random coil. Visgcosity measurements show that there
is a coil-rod transition on aromatization in N-methyl
pyrrolidone. Crystallographic data on polyphenylene crystallized
above its glags-trangition and thermal and electrical properties
are described.

Discussion Topics

The discussion topics included; 1. The cost factors
involved in R&D of biotechnology, 2. Suggestions for improving
communication between technologies, 3. The Air Forces Role in
promoting biotechnology, and 4. Scientific Issues involved in

using biotechnology to aid in synthesgis of composite resing.

The cost factorg involved in the R&D of biotechnology are
extensive and are higher than many other new technologies. The
fact that biotechnology is still a very young science adds to the
development costs. The actual cost of a project will be
dependent on several factors including the use of whole cell vs
gelected enzymes, the toxicity of the subgstance and the product,
and the concentration yield of the product.

There was some disagreement within the biotechnology
community with regpect to the inherent cost of carrying out a
commercial biological conversion such as hydroxylation of an
aromatic ring. There was general agreement that R&D costs
aggociated with developing a biological conversgion of interest to
the Air Force would be gshared by a company when the company had a
internal interest in the conversion from a generic perspective;
however, companies will not publicize what their R&D interest
areas are. It is thus up to the Air Force to publicize its need
and let the interested companies respond.

The suggestions for improving communication between the two
technologies of Dbiotechnology and materials science included

organizing more workshops, esgstablishing a point of contact for
both communities, encouraging the biotechnology community ¢to
golicit iceag from the material sgcience communities, and
encouraging organization of enzymatic rxn's maybe in the form of
a book or catalog. The recommendation for the Air Forces role in
improving communication and promoting research wag to increase
financial support and continue generating white papers or

planning documents to stimulate ideas.

The scientific issues dicussed determined that biotech was
8till too underdeveloped to determine feasibility of producing
specialty aerogpace resins chemicals. The most probable use of
biotechnology would be in the production of key intermediates.
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.l
y 1:30 Dr. Masata Tanabe Applications of Riotechnology 1o Synthetic
it SR Chemistiy for Actospace Maliix Resins Development
by E:
‘:: ’ 2:30 Dr. Ronald Huss The Application of Hydrocarbon Bioconversion Technology
) Bio-Technical Resources  to Aerospace llaterials Production

3:30 BREAK

3:45 Dr. Denis Ballard Tho Marmiage of Pevhepveal and Chomienl
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Carbon Matrix Composites
Prospective Roles for Biotechnology

L. Scott Theibert
and
Don L. Schmidt

ABSTRACT

Carbon matrix composites (CMC) are compoued o1 a carbonaceous binder, a
reinforcing fiber, and sometimes a fille1. They are manufactured by the
controlled pvrolysis of organic constituents to yield composites with
extraordinary properties.

The role of carbon matrices in CMC wi!l te discussed, including their
functions, methods of fermation, and properties. Matrix precursors based
on thermosetting resins and thermoplastic pitches, and their inf{lucrce on
the newly generated carlon structures wil)l also be described.

Some highly speculative r1oled for bictechnology vill also be discussed to
stimulate origiral thinking in this new interdisciplinary materials field.

T. IMEORTANCE: Advanced composites rerresent onc of the most important
achievements in materials technology during the past three decades.
Organic, metallic and ceronic matrices in combination with high performance
fibrous reinforcements have been develored and successfully used in numer-
ous epplications.

Carbon ratrix compesites (CHCY are the most important form of cerawic
composites. These unique materials are cemposed of a carbonaceous hinder,
a reinforcing agent, and seretimes o fi.ler materiel., Virtually any
thermally stable fitei1 or filler can ¢ used in combination with the carbon
matrix.

II. CAKBON MATRIX COMPOSTTES
IF1STORY: Carbon matri:y cemposites eriginated in the United States. In

1959, simultaneous research heing conducted by the Chance Vought Corpora-
tion, the Unilon Carbide Corporation and 'he U.S. Alr Force Materials

D. L. Schmidt, Consultant, Beavercreek OH 45430

L. S. Tho‘ibert, Tech Area Manager, Air Foree Wright Aeronautical
Laboratories, AFWAL/MLBM, Wright-Patterson AFB OH 45433-6533




B

P

=y

[ AR
[ e ]

OB 550 234

(N N

et

T

Ly

==

=7

»

'; l. ‘t;

=

‘-‘}1’ »

AL ATTAR LN 4K CaZOM0) O OVOOCOOOV OO OO OMOLMOUCOO A OOCROT MM Bl dON P V) W O
LR "‘ -":«' :""-"'t“ '.,t + . v‘.:il""‘ “.‘:’5. “‘.r““fr‘ ‘{".‘.?"!“"6,14 ‘-’ ' .'?: "1!'2-', \ i:-". e [ A e “? .," ‘-'K"Shelp"i!'f:(l Y“‘,b

. f'q

Laboratory lead to composite in various ‘orms (1-5,.

Since first generation laboratery curiovsities, carbon matrix compusites
have been improved dramatically. licehanical properties leve more thar
doubled due to the great o~dvances in carbon fiber strengtlh, elastic modulus
and uniformity. Novel reinfercements live also heen developed, ranging
from unidirectional (1-D) Lo eleven (i'-1) directional. Most applications,
however, involve fabric (2-D) and multidirectional (3-D) reinforcements.
Matrix densities have been increased firom about 87 te 119 1b/ft 3 (1.4 to
1.9 g/cc), Lut the hipher values are cchievable only with expensive equip-
ment, high pressure processing or many impregnetion/carbounization cveles.
Nevel fabrication and preressing methods have also been developed to obtain
a wide range of configuiations including plates, blocks, cylinders, hollow
tubes, frusta, and various machined parte. Manufactured parts renain
relatively expensive, but the costs are decreasing as larger volume appli-
catijons are being developed.

METHODS OF MANUFACTURF: The three principal methods of manufacturing CMC
are shovn in Figure 1. 7Tn general, the proauct opplication and desired
properties will dictate vhich process rethod is veed. The most common
procedure is to impregnate a fibrous preform (fabrie, 3-D, etc) with a
carbhorizable precursor. and then pyrolvre the composite in the absence of
oxidizing species. The rtecultant porous carbonaceous solid is then densi-
tfied by additional matrix impregnation and hkcat treatment cvcles. In the
second method, a porcus article (fibrous prefurm or voidy solid) is infil-
trated with a high carbon-centaining Tiquid, and then heat treated to
carbonization or graphitization temperatures. 4 third wmethod involves the
densification of a porevs article with chemically vapor deposited (CVD)
carbon. Occasicnally, twc cff the methods are used te densify a composite

(4-9).

COMPOSITE ATTRIBUTES. The attractive structural properties of CMC
materiale are illustiated in Figure . Strengt!l: and stiffness values are
an order of magnitude higler than theese of polverystalline graphites. Of
equal significance is the wide range of jproperties which are avajlable by
varying the type, percentage ard orientotion of the fiber, matrix and
filler. Additional prepertyv changes are achievahle by altering the
processing conditions (10-12).

CMC materials can acconrrdate extrewelv high terperaturee end heating rates
without appreciable !cos of surface material. Vith increased heativg, the
naterial surface temper-sture riscr rntil the svliimation peint is reached
and t'ereafter stabiliver. The compesites can be made verv strong and
stiff by the use of available carben fibers. A highly anisotropie material
is typically obtained ., vhich is cauvsed primerily by the fiter orientation.
Short fiber &nd n-b reintereed compesites tend te be more inctropic. At
high temperatures (irer* atmosphere) the mechonical properties of the
composite are largely retained up te olout 3,6007F (1,985°C). Above
1,500°F (816°C), the srccitic stiength snd specitic staftiness of therse
composites are unequales Fv all other lrown high temperature structural
materials. Initia? streceding of the conpoeites rroduces a lincar stress:
strain relationship unti! matrix crackire is inftioatcd. Higher stress

Bopy arobnbe ot el

it Ruly bewd

/
)

(O

.i’l.o by

A‘Q 3




SR

2y vt
.’ "

kP

A

4 1 .
v Yo Ny

o

v RN

v

{'

[ s

L3R
5

r

=

AN} A () t LI0E R )
AN o"‘o‘.'o’.'ﬁ. PO ARM R N I

states result ir elongation or deformotion in a unique pseudo-plastic
resporse until ultimate conposite froctere is reached in a nenbrittle mode.
Thermal shock resistance 1s outstanding 'ecause of the high temperature,
high thcrmal conductivity and low densitv. The composites are light in
weight, with densities ranging from atcut 15 te 137 1bs/ft 3 (0.02 to 2.20
g/ec). Pigh dimensional stability during Leating is exlibited because of
the low ceefficient o1 thermal expinsion. wear resistance is also high due
to the low coefficient c¢i friction. The composites are chemfcally 100%
carbon, with high corrcsion resistance {particularly in acids). The
composites are electrically semi-cerductive, but large variations in
electrical properties can be achievea.

COMPOSITE LIMITATIONS. CMC materials ate speciality eugineering mater-—
ials. They have not yet achieved wideerread application acceptance because
cf their relative unfamiliarity to designers, relatively high costs,
anisotropic characteristics, long manufacturing times, and low resistance
to high temperature oxidation.

Carbon matrix compesites in the U.S. presently cost about $100/1Fh (8220/kg)
to many thousands of doliars per pourd. lultiple matrix impregnation and
carbonization cycles are typically emplored, which contribute to high
composite value. Manutacturing times tend to be long, ranging from weeks
to many months d gencing upon the number of matrix impregnation and thermal
processing cycles. Mechanical properties transverse to tilers tend to be
low. For example, 2-I' composite trinsverse strengths are generally on the
order of 200 to 1,200 psi (1.38 to £.27 MPa). Similar to brittle
materials, the composites fracture strain is on the order of only 0.3 to
1.3%. nNost composites are permeable due to microcracking, fiber matrix
separation, and in some cnsel, open peres in the matrix. Of high impor-
tance is the composite susceptibility to high temperature oxidation.
Oxidative effects becone significant ¢t about GGO°F (349°C) for carbon-
aceous composites and £50°F (455°C) for high heat~treated composites.
Oxidation has been minimized by modiiicd, glass forming matrix and
protective coatings.

APPLICATIONS., Carbon watriy composites lave been developed for various
aeronautical, biomedicsl, detense, irdustrial ond space applications as
shown in Table 1 (4-¢, 13-28). Thc rost importort applications are as
follows: aircratt brake discs, hyperscnic spacecraft nosecaps, and leading
edges, missile nesetips, ond heatshie'ds, solid rocket motor nezzle throats
and exit cores, liquid tueled enpgire thirust charters, and ducting gas
turbine ergine flaps oud seals, turtine wheels, furnace irsulation, high
temperature bearings, nuclesr comprnerte | hot pressing molds and dies,
prosthetics, planetary entry probe shicids, very high temperature mirrors,
canisters for spacce ttormnelectric penerotoras, and mechanical tasteners.
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111. CARBCH MATRICE!

INTVRNATIONAL RESEALCT . Carbon matr iy researech has been conducted pri-
narily in the United Stotes) France, ond Federal Pepublic of Germanv.,

Farly rescarch in the ' v, involved thernosetting resing like phenniics and
two direcctionally reinforeed composites (16Y,  An the need grew lor higher
strength and higher dencity compusites, chenical vapor depesition (CVD)
processes were developea tor both tue and three directional composites
(29-32). Finally, graphitizable matrices derived from thermoplastic
pitches bhecame of interest as applicatiorr outlets grew rapidly for three
directionally reinforced composites (4-6, 19, 22).

Cutside the U.S5., the most nctable maty - research has been conducted by
Prof. E. I'itzer at the Umiversity ¢! karvicsrube, FPG (34), Indepth studies
were comducted on both crosslinked resin: ond tar pitches., Elsewhere in
the world, matrix research has been laceing,  Some of the contributing
nations, however, have included: Trance (5%, "mpland (36), Poland (37),
Japan (38), Unicen of Sovict Yecialist I'epunblic (39) ) People's Pepublic of
China (40), and Yugoslovia (41).

IMFORTANCFE. The importance of the corbon matr's vas recoenired as early as
1966 by France et al. when they stated thoa the "major problem arca pre-
venting the realizaticon of the full jpoteatial! of the carbon or graphite
filament is the binder phase”. (42) it ' nou increasingly clear that the
next generation of CHC materials vill depend heavily on rew and inproved
matrices; oxidation protection, and tie SHility to process them in o highly
controlled and understocd nanner.

FUNCTTON. The functions of afratriv iv cumposites are several fold.  They
rigidize other constitucents (like fibere) {fer structural and handling
purposes., They also preserve the original orientastion of the constituents
in the cempogsite. The natrix trensnits otresses into reinforcing fibers in
order to achieve mavimun couposite stiercth and stififness. 7he mpatrix
reduces the permeabilitr and protects otler consrituents from degrading
environnental conditions., The matris alters all of the conpesite proper-
ties, and occasionally, the composite properties are dominated by the
properties of the notviv (43, 44),

METHODS o' FORMATION.  Carbon matrices have been formed by solid-phase,
liquid-phase, and gas-phase pvrolysis of crpanie compeounds.  Depending upon
the precursor conditions, a large numher of matrix types can be obtained as
enown in Figure 3. liote that cach matri: structure possessing its own
unique appearance and preperties.

fclid Phase I'yrolysis., Thermosettive Tinaid yeeinsg are peivwerized into a
hard brittle stage by the application «: oot or catalyst.  Upon further
heating, the organic «nlid ic ti1ansfornec inte a non=graphitizable
carhonaceous solid withent the interpediate Viquid state (65), In a
thermosetting resin, tihe carbon atome v Lich's erosslivked before the

i

pyrolysis process, and as oo oresult, i o obiTite snd orientotion o! the
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molecules are suppressed duaring heat tvevneot,  Mesoplase spheru’ce do not
4 form, and rcorientaticn of the crvatate 0 ditiicult, Consequently, the
' size of the crvetallite: re extrenclv emall and the inclusien of large
anounts of unoriented st nctures (theee-dincnsienal bonding) is alse
observed.
e
e Tiquid Phase Tyrolysis. farbons rcapalle of lorming crvstalline three
dimensional orders nupon hich temperature treatments are known as graphiti-
zable catbons. These corbons are typically derived from thermoplastic
!g precursors like tar pirches or polynmers with Tow crosslink density. (46)

Cas--Phase Pyrolysis. Pvrolytic carbonaceons and graphitic natrices are
formed by gas-phase carlenization of orpganics., Uatural gas, nethanc ot

SEs

similar hvdrecarbon ;o4 are typically used fu conjunction with a ecarrier
sas like hydrogen or argen.  Pyrolvsis tales place at relatively high
temperatures and the residual carbon atons are deposited onto a heated

EE substrate.  Pyrolvtic deposite have wide's difterent crvatalline orienta-

) tions depending upon deposition condition and heat treatment Lemperatures

. (47-50).

& CLASSIFICATION., Carhor raotrices derived from crpanic natevials are hroadly
classificed as non~grojhitizable or praphitivable (51} depending upon the

i: rate of increase in the diameter and o the degree of stacking ot layer

w planes with increase in temperature atove 3,€20°0 (2,000°0),

¥ Hon—Graphitic Carbons. Hon-graphitic oo long are all varietios of sub-

!ﬁ stances consisting mainly of the elenent ca-hon vith tvo-dimensional long
range order of the carbou atems in pla-rv liexagonal networks. They are

- uvithout any mcasurable rrystaﬁlogrnphiv order in the third dirvection, apart

i from more or less para’lel stacking. lLonsraphitizable carbons are gener-

*? ally fermed from precursors that contain iarpge amounts cf oxygen, have low
hydrogen content, or are highly cros: ?inked,

! Graphitic Carbons. CGianphitizable carbon s o non—graphitic carbon which
upon heat treatment couverts into gr~phitic carten having more or less

4 perfect three—dimension.?! crvstalline order., Crophitizable carbons are

N derived by the pvrolysis of orgaric mate~"als that pass through a MMuid

#tate prior to carbonizotion. High robiitity o the carbon atons and
platelets during pyrolysis is essential to ferming a three dimensional
ordering characteristic ¢! praphitic raterials, Graphitie carbons are
distinguishable from diserdered carben: 'V o lower interlaver spacing
(d,,,) and a higher value for (La). stachk height (LC) and number of layer
planas (1),

= -~

Cokes and Chars.  The heating of o carhon cortaining matrix in an inert
atmosphere results in the forpation of 0 carbonaceons residue, commonly
knovm as a “coke” or a Tehar”, N ceke i oraphitie carbon. Cokes are
somet incy referred to os Usott carbons” o Tpraphitizable carbons™. A char

P2t

1

ia a non~graphitic carkton. hars are o' TFnoim ac “hard carbene™ . They
can be converted to seit graphite o coraivtic srophitization.  Soft cokes,

&

a0t

availabie -.ﬁkm
c?}:n tully legitic w Pt e
Pe

L o

i

PR A S S S T S N S P
T A IR F
1, \r gl of OO A AT S0

!

DY IS Ny 0 ", QUL IO NG UMLK RN A RN AN AT
D ORI ﬁ\:-'¢f~';'~'.‘v‘.'t‘.'-'.'u’afl’¢‘0'.’-‘.3°’-t"¢f0".o' fa it "v"’~f"~"'??"-7"- o e




£

=g 2% A 2R W L

B

I
[ag WR N

»

S R N

24

4

2,

T

ot R

of course, convert to graphite ot temnerstures in excess of 3,632°F
(2,000°C). Matrix propertics that incres o with heat—-induced crvstalline
ordering include densitv, perreability, therna! conductivity, oxidatien
resistonce, clectrical condveetivity ant coonetic snsceptibility.  Troper-
ties that decrease as carboa is transierrmed to ervstalline graphite are
mechanicnl strengths, ciastic modul st | thermal e pansion, harduess, and
magnetoresistance.

V. ORGANTC PRECURSOR:

SELECTIOH CRITFERIA. 1he ideal charecteriatics of a carbon matrix precursor
are listed in Table 7. ihe matriv precurser should have a very high carbon
content. During pyroiveis, o maximuw jpoiceatage of the matrix carbon
should be retained in the residue.  The 1eocursor should be fluid at
ambient tenperatures or clightle elevated teyperatures.  The viseosity
should be lou to faci! tate penetration “or tou pressures) into small pores
of a substrate or close!' packed fiber 'radles.  “he precursory matrix
should ver the substvace surfaces and repsin in elose proximity during
processing. The material rheuld be chenically pure, reproducible, vell
characterized and inexrensive, During perolyeig to the carbon state, the
matrix should releace rininal volatiles o-d underpo little expansion and
contraction. The matri~ should soften and {iov just prior to carbonization
to aid in pore (void) peretraztion. Th tvrolvsis should take place in an
orderly manner, without «ignificant cotherms, avd occur relatively fast.
Only moderate temperatures sheuld be necencarv, and minimal enerpgy cxpended
in the precess. Mect of he carber in the precursor should remain in the
residue. The carbon mit—iy should be strong, contain uniforn pore distri-
bution, and be of predetermined densitv., iPinallv, the carbon matrix should
also be in close association §ith other cormposite constitutents, but not
necessarily bonded to thon,

While manv selection criteria sheuld be considered in cheesing a precursory
organic material, processabilit:s and ebar «ield are the nost important.
Processability means a:propriate mstric vivcosity and orderly conversion to
carbon without elaborate process equipte o imnsual conditions, Char
vield means a naximum 3 bhen yvield, 1t v ith a predetermined nicrostructure
and properties.

MOLECULAR ARCHITECTER"™. e molecular srehitoctere of the idos]l charring
resin has been studieca I some resesrclera, e coneral, thew noted that
the resin sheuld have o hieh degrec ot groematiciee and high nolecular
vweight . There should "o no more than v conrbhen atom betveen aromatlce
rings.  Additional carlon otang provide vove qites Yor scission eond
volatilization of the “ragmented parte, atreocen “if present) should be in
the ring structnre and e in the chaiv o uetare Other elemnents such as
sultur do net aftect the v? ctabitie o ey indece Tover clor yvields and
lover conversion eof “icioneies (H0-550),

THTRDOSETTING RESTHS . herrasetting o0 v are e elass of orgenic
precursorv nateviale used for the oo 7o of corbon matrices.  Many

. ouot
@opy ovailobie 1€ - uction
permut

gully tegiblo 1<Pd




g

e

(o A ¥

e

S

———
~

A.

> 4

Sl e

=1

DL SRS & =

oy

r

o

Ll

tvpes of resins have bheorn doveloped, Tur cnly o fevy of them have been used
extensiveity tor carber matriy foruation,  ihenelics, polyiurturals and
epnuy novolacs have been the nest widei~ used, baced on acceptable char
vields, low viscosity in the Viquid state, Yov cost, orderly cure at
nederate temperatures, b'oh puritv, and multiple cources.

the formation of polvnciic carbon fror coricvs sevnthetic resins has leen
investigated by nurerous reseorchers (4., 52-p1). Carbon vield vas found
to be dictated by the ability ¢f the polonicr to cvelize. underso ring
fusion or chain coalesceince af the oneet of carbenization. Table 3 pre-
sents the pelymer carben contents, chars - elas and the comversion cifi-
ciencies for a wide varicty of ceroastinkos vesins, ‘The carbon content of
the polvmer is the elemeatal cerbon preseirt in the virgin monomeric unit.
[he char yield is the ratio c¢i the weicht ¢f “he carbon in the oripiral
resin to the initial weight o' the resin, The cemmonly used structural
epoxy resin had a char vield of only 670 although the original pelvnier had
a carbon content of «7 ., As the aromatic covtent of the palymers in-
creased, the char vield inereased.  Frosidized phenolie, for example, had a
50% char vield. PFPhanelic resins vielded . wen larger percentages ¢l carbon,
je., 60-707, The best clar yvield and conversion efficiency wvas obtained
with the highly polvevelic resin pelypheavlene. Tt had a char vield of 85%
and a carbon conversicr «{ticiency of 977, In other words, very little
polymer carbon was volrtilizes during peroiveis.

Heat treatment of cured resine nt elevated temnperatures causes weipht loss
and shrinkage.  The weielt Toss of varices resins an oo lunction of in-
creasing temperature s illustrated in {feure 4. As weight is lost from
the resin, it also rrderears shrinkage. “he omount of linear shrinkage is
shevn in Figure 5. T¢ increnfes with woisht Yose and varies for each of
the resin types. Tt sbhrinkace of the matrin is restricted during pyvro-
lysis, lncal strese levels will increasc until thev are relieved by npatrix
cracking.

Some of the importunt characteristics «f carbon miirices derived from
thermosetting resins are: (a) Char vields ecervevaliy range from about 45 to
85 weight percent, but 4555 7 by weialt are tvpicnl values, (h) Char
densities arce quite low  ad on the crder ot 9% /10 3 (1.5 glee), (¢)
ninear shrinkages ur 1o [G=35% occur duvias »urolvsis, which mav induce
high stresses and natri: cracking, (¢ 1 char microstructure is glassy
and can not be converted to graphitic cn-'on by heal Lreatment tenperatures
even up Lo 5,432°F (Y 00070 and
nicrostructure may be o cible by fnpoonat e ghaiorated or externally
applied stresses durin: hool Lreatrent,

1

phitic o partic iy praphitice

THERMOPTASTIC PITCEIS. Vitcehe s are ey Fvonsed to donaify porovs carbone-
aceous articles.  The procees pgenerg! o vvalves irprepnatice o the poreus
structure, containrent of the piteh du i carbovication, and vepeated
cyeles to veach the desired corposite dore b o porosity tevels,  Dince
pitch is a solid ~t roon tenperatuve, 1t rest be tranciermed to a Tew
viscosity fluid prior ' ‘rprepnaticr.  hig operation is typicallvy
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prerformed by (a) raisire the tenperoture ot the piteh vt D0 a1t reaches the
desired viscosity--temperature level, (I discsolving piteh particltes in a
suitable solvent, or (¢) dissolving riteh in a compatible resinous fluid,
Roth coal toar and petrolcum pitches have been successfully used as a coke
source (5, 6, 62-65). Tnitial develepment o forts were concentrated on
coal tar pitches becausce of their avoilability, low costs, lov sulphur
content and high rarbon yields at bigh carbonization pressures. Sulsequent
developmental vork alse involved petroleum pitrhes, which provided better
viscosity control, lover ash content, and lewer quinoline insoluble
content.

ifitches consist of many hundred of d*fferent species, which depend upon
crude composition and retinery procese conditions. Pitches are composed of
four fractions: asphalteaes, polar aromatics, saturates, and rapthene
aromatics. The asphaltene fracticn of the pitch produces o liquid crvstal-
line mescphase, which in turn, forre the desired coke matrix structure, In
the temperature tange of 400° t0 3G07C, poelvmerization reactions build
large, disklike, pelvnuclear aromatic nelecules. Upon reaching melecular
veights in the neighborhooed of 1400, they condense in parallel arrays and
precipitate from the nolten pitch rs a liquid crystal (the carbonaccous
mesophase). This mesophase forms initis?]y as small spherules of simple
structure, coalesces to a viscous bull rwcophase, hardens, and then pyro-

N

lyzes to a coke (66-C7.

Ixtensive recearch on tar pitches as cole precursors has lead to the
folleving conclusions:  Cay byvrolysic t:les place in the lTiquid molten
phase because of the lack of a crosslinted structure. (b)) The coke yield
is approximately 507 at ambient pres=ure, similar to many erosslinked
resins. Pressnure carbonizatffon at 10,000 to 15,000 psi dincreascd the char
yield to nearly 90%. (c¢) The coke nicrestructure was graphitic,
Needlelike structure was obtained at low precsure carborization and a more
coarse, iso~ tropic structure was noted at higher pyrolyeis pressures. (d)
High pressure carbonizcotion produced high density cokes, ic., near 2.0
s/ce. (e) Coke structure $5 porous to varving degrees.  (f) Froperties of
the coke structure urre anisotropic due to the crvstalline structure.

PYRCLYTIC CARBONS. FPvrocarbons are crystalline forms of carbon that have
been deposited {rom the vapor state. ‘the noterial is chemically pure
carbon, dense, impervious to fluids, brittiec, strong. and generallv aniso~
tropic in many properties. When obscrved under plane pelarired light, the
pyrocarkens can be distinguished as havire cosentially isotropiec, smooth or
rough laminar and granuiar structure:s,

FROSPECTIVE ROLES FOP BTOTTCHNOLOGH

As the ficld of comjrvites continues (o o oed At g rapid 1ate, o rust be
continually alert ¢: other technologios vt offer potartial ot creating
new materials ond procesces,  In thic ~capect, hotechmolog of fers sone
real, but tinited porsibilities., (reqtive thinkine ard dedicated
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. resources, hovever, are of paramoun' ‘pprovtance in expanding the biotech-
notogy horizons to include the field ¢t serospace materials,

£
-

BIOSYNTHI'STS OF RESYFOUS THNTEEMEDIATIS . Felvphenvlenes are generally

..

A:“ regarded as the ideal precuisory earben natrix dee to their cherical

:E‘ Mo structure and very high carbon contents {68-71), First generation polymers
:,; Fn were infusible and juseluble and thus ditiicult to process. Branched

A~

vinyl-terminated and accetvlene-substituted polyphenylener vere later
developed, which weve sufficientlvy fluid to jnpregnate fibrous structures,
yield 80 to 957 carbon upon high heat treatment, and {orm graphitizable to
1ongraphitizable carbous at lew (100 psi) pressure (72-73).  Several
exanples of thege novel arvlacetylencs are copulemers derived {rom either
(a) mixture of diethynvibenzene and cthivnvipvrene (74) or (b) a mizture of
I-ethynylpyrene uith m-diethymylbenzene.  The biotechnology community has
demonstrated the abilitv to producc riuny specialty chemicais at a cost
substantially lower rhau by using cenventional synthetic chemistrv., A
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K t,: recent example of how biotechnnlogy might impact the acrospace composite

!:: area is provided by the 1CI-develeped svnthesis of polvphenvlenc, ‘The key

"'!‘ - step in this svnthesie uas the micirebial indvced conversion of benzene, a

v h verv low cost coonmodity chemical, tv 5 ,l-dihwdiexveyeloheva-3,5-diene which
is subsequently converted by converticnal chemical! means tr & polyphenylene

"W precursor. The potential cost of this precursor at the 000,000 pound per

Ry year level has been estimated as less than S10 per pound. It is antici-

¥ 15 pated that there i¢ wore chemistrv of this type possible through grewth of

a dialogue between the biotechnolops ond materials communpities.

BLOCONCENTRATION OF NIGHLY AROM/TIC COMPOUI'DS.  Coal tar and petro’cum

e
==

W pitches are low cost sources for carbon metrices. Because they are derived
Ry from natural products, they dre composcd ot hundreds of differcut compounds
4 'J:; ranging from low molecular weight parai‘inic material te highly srematic
S species (75). Onlv the highlv arcratic sypecies are of irterest, since they
>4 forn the desired precur:or "mesophbrre” oud the graphitizabt carbon strue-
) 5 ture. Attempts to fractionate pitehes nsing selvent and thermal methods

:,o have only been partially successful 1o dite.

o

'.':a' ) liicroorganisms mav possibly assiet the fractionization eof complen piten

-

&
N

mixtures by (a) rendering the lov nolecular weight compounds inselvile in
the remaining aromatic species, (D) 2ltering specific hydreocarbon species
to make their remcval bv other separaticn wethods both easier and Jaster, |
or (c) concentrating the desired aromatic componnds by some yet to be
discovered neans.

T
L
Y

Some consideration shou'd alse he piven Lo naterials synthesis by plants, !
Certain plants mav already he concentroting desired avomatic molecules, |
] which could be subcequentlv extracted v verv pare form and verv controlled |

The
L

" J nolcenlar weight distritutions. 1{ not, senetic ongineering pay possibly j
K} " be emploved to induce the plants to produce desirable cavbon precursors.
A BIOLEACHTHO OF PTTOR "o tip LIRS, Pt rolern pitel contaire a significant
A . , " s " .
@ amount of su’fur, vhich rnet bhe renoccd to prevent “puffice”™ ap Mloating of
W
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the resultant carbon strncrure,  THeseni chepical extraction methods reduce
the sulfur content to lews than eone e ot prior te use, but cver that
amount is undesirealle.  Sulfuer Tett in the ¢ Ponaceous natrix dicrupts
rhe microstructure (indrces detects: =nd ig revmeved only by heat treatments
in excess of 2,0007C, Metals and metat o anides are alse nndesireable
impurities in pitchcr, Matrisx precesszing Lenpervatures up to about 2,7 50°C
cause vaporization, nicro-bubble formaticn and residual voids. Their
impact on structural properties is enormous,

The problem of impurities is pitches becomes particularlv acute when the
nesophase pitch is used in the manufacture of high performance fibers. By
reducing impurity levels sigrificantly, there is great probability that the
tensile strength levels can be elevated from the present 300,000 psi to
over 1,000,000 psi and the current Toung's nodulus values could also be
increased from present values of 125,000.000 to about 135,000,000 psi.
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CURRENT AND FUTURE MOLECULAR STRUCTURES
OF AEROSPACE ORGANIC MATRIX RESINS

Fred E. Arnold

AFWAL/MLBP Wright-Patterson AFB
Dayton, OH 45433-6533

Research in both industrial and government laboratories has provided a
variety of new and unique thermally stable polymers. During the last decade

the primary effort has been in the development of new cure chemistry to provide

matrix resins with improved moisture resistance, thermal and thermooxidative
stability and toughness. New material concepts has also played an important
role in structurally tailoring macromolecules for advanced future aerospace
systems.

The lecture will encompass both thermoset and high molecular weight
polymer systems which are of considerable interest to the Air Force.
Synthetic aspects to thermoset endcapping agents will be discussed as well
as monomers required in the ordered polymer technologies. Paramount to the
success of a new polymer technology is low cost organic intermediates which
are required for a successful transition to the commercial market place. It
is anticipated that biotechnology could play an important role in the low
cost manufacturing of these néw materials.
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Industrial Perspective on Current and Future Needs
ﬁ in Aerospace Matrix Resin Chemistry

T

Ronald S. Bauer
Shell Development Company
Westhollow Research Center
Houston, Texas 77251-1380

& Sl

INTRODUCTION

The world wide market for advanced composites and high performance adhesives in 1986
was about 20 million pounds. This amounted to approximately 10 million pounds of resin sales in
1986. Currently, epoxy resins constitute over 90% of the matrix resin material used in advanced
composites. The total usage of advanced composites is expected to grow to around 100 million
pounds by the year 2000 with the total resin usage around 40 million pounds in 2000. Epoxy
resins are expected to still make up about 80% of the total matrix resin systems market in 2000.
The largest share of the remaining market will be divided between bismaleimides and polyimide
w systems (12 to 15%), and what are classified as other polymers. Other polymers would include
-:'.' thermoplastics and thermoset resins other than epoxies, bismaleimides, and polyimide systems.

A

*

s,

This presentation will review the chemistry of the state-of the-art and emerging aircraft/
aerospace matrix resin systems. Areas will be identified where biotechnology assisted chemical
synthesis can be applied to commercial high performance composite matrix resins.

EBOXY RESINS
INTRODUCTION

Probably the earliest and still the most widely used matrix resins in high performance
composites are the bisphenol A based epoxy resin systems. Full scale commercial production of
epoxy resins began in 1950. Initial significant industrial applications of epoxy resins were in
surface coatings, and also potting and encapsulation of electrical components. However, by 1952
epoxy resins were being used in electrical laminates and a filament wound pressure tank for the
F-84 jet fighter.

In Figure 1 is given the domestic demand by product type for 1986. Liquids, brominated
resins, certain speciality resins and epoxy novolacs all find application in advanced composites.
Although liquid epoxy resins accounted for about 62% of the some 318 million pound U. S. epoxy
market in 1986, their use in aerospace composites is limited by their ultimate thermomechanical
properties. Most high performance epoxy resin based aerospace composites are formulated from
specialty resins such as tetraglycidyl methylene dianiline and tetraglycidyl tetraphenol ethane.

Gl > M

=5

L2 3

Figure 2 gives the structure and properties of some typical liquid bisphenol A epoxy resins.

e In commercial products the value of n ranges from about 0 to 25, with typical liquid epoxy resins
having n values 0 to 1. The structures of a number of the more widely used specialty epoxy resins
are given in Figure 3. At the top of the figure are shown the tetra-brominaled resins; these are

) used for fire retardant electrical laminates—usually at levels of about 20% weight bromine. For

=

certain applications it is desirable to modify the relatively hard and brittle bisphenol A systems
to improve toughness or their ability to withstand thermal shock. This is frequently accom-

plished by introducing flexibilizing epoxy resins which are based on long molecules such as
g dimer fatty acid and polyethylene gyleols. For more demanding uses at higher temperatures,
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such as aerospace and certain electrical applications, multifunctional epoxy resin systems are
used. The epoxy resin based on the tetraglcidyl amine of methylene dianiline is currently the
epoxy resin most often used in advanced composites. Tetraglycidyl methylene dianiline cured
with diaminodiphenyl sulfone was the first system to meet the performance requirements of the
aerospace industry and is still used extensively today.

MANUFACTURE

Liquid epoxy resins are manufactured from bisphenol A and epichlorohydrin as shown sche-
matically in Figure 4. Typically the bisphenol A is reacted with epichlorohydrin to give a bis-
chlorohydrin, which is dehydrohalogenated with caustic to give the desired epoxy resin. In prac-
tice, both condensation of the bisphenol A with epichlorohydrin and the dehydrohalogenation are
carried out simultaneously. A consequence of reacting in this manner is that substantial resin is
formed before all the phenolic hydroxyl is consumed, leading to attack by the phenol on the resin
epoxide instead of the epichlorohydrin. This results in the formation of some molecules with val-
ues of n=1 or greater. Glycidylamines such as tetraglvcidyl methylene dianiline (TGMDA) are
also manufactured by a process similar to the one which is shown is Figure 4. However, the gly-
cidation of amine is carried out by a two step procedure because: 1) the high reactivity of the
basic nitrogen compared with that of the phenolic results in free amine reacting with the epoxide
as it is formed, resulting in higher molecular weight or even gelled product; 2) having all the
epichlorohydrin in contact with the amine could be a potentially explosive situation. Conse-
quently, the manufacture of glycidylamines is carried out in two steps as shown in Figure 5.
Even so the advancement process occurs during the epichlorohydrin addition, and is proposed
due to reaction of the chlorohydrin with free amine as shown in Figure 6.

As can be seen, even such well established technology as the manulacture of epoxy resins
could still be further improved. For example, the preparation of pure monomeric species by the
direct epoxidation of the corresponding allylether or allvamine would possibly avoid the problem
of advancement during manufacture. $uch a route would require essentially complete conver-
sion of the allyl group to an epoxide, but would result in high functionality resin having no resid-
ual chlorohydrin or other chlorine containing groups.

CURING AND CURING AGENTS

Epoxy resins are reactive intermediates composed, as we have seen, of a mixture of oligomer-
ic materials containing one or more epoxy groups per molecule. To convert epoxy resins into
useful products they must be cured or crosslinked by chemical reaction into a three-dimensional
network. Crosslinking agents or curing agents, as they are also called, function by reacting with
or or causing the reaction of the epoxide. The two principal classes of curing agents used in aero-
space epoxy resin composites are aromatic diamines and anhydrides. Figures 7 and 8 give the
structures and properties of several of the more commonly used aromatic diamine and anhydride
curing agents.

Probably the most widely recognized property of cured epoxy resin systems is their excellent
adhesion to a very broad range of substrates and reinforcements. A contributing factor to this
end is the low shrinkage exhibited by epoxy resin systems during cure, which results in lower
stress levels in the composite than is found in other polymer systems with higher shrinkage.
Another factor contributing to the excellent strength of articles produced from epoxy resins is
that no by-products are formed during cure. Thus, there are no volatiles liberated that can lead
to voids, nor are there non-volatiles generated that can act as plasticizers.

As we will see, anhydrides and aromatic amines also are used extensively in high perfor-
mance resins other than epoxy resins. The ability to place amine groups in a specific position in
an aromatic molecule could be of great value as would a similar capability for preparing
anhydrides.
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BISMALEIMIDES
E INTRODUCTION

Bismaleimides are receiving considerable attention as matrix resins for both electrical lami-
nates and high performance aircraft/aerospace structures. Bismaleimides are now the apparent
leading candidate for the intermediate and high temperature advanced composite market That
is, they have improved thermomechanical properties over many epoxy resins and phenolics, but
retain the good processing characteristics of epoxy resin systems. They have less temperature
capability, however, than resins which are more difficult to process such as the PMRs (in situ
. polymerization of monomeric reactants) and LARC 'TPls tlinear aromatic condensation thermo-
plastic polyimides). The principal advantages of the BMI's over epoxy resins are: 1) improved
environmental resistance at high temperatures 300° to 500°F, 2) improved hot/wet resistance, 3)
W improved dielectric properties, and 4) resistance to burning and low smoke generation Also like
e epoxy resins, bismaleimides release no volatiles on curing, but they result in brittle materials

that have a tendency to microcrack.

c‘f In Figure 9 are given the structures of some typical maleimides and bismaleimides. Pure bis-
maleimides, generally, are high melting solids and cannat be directly melt processed into pre-
- preg having tack and drape. Most commercial bismaleimides are systems based on eutectic mix-
ﬁ tures or systems where the maleimide double bond hax been prereacted with groups such as
amines, hydrazides or cyanates to provide prepolymers with lower melting transitions and im-
proved solubility. These bismaleimides may then be formulated with reactive non-volatile resins

;; and liquids which serve as diluents, tougheners and curing catalysts, and serve to make the

ot resins more melt processable. The compositions of some commercial bismaleimides are given in
Figures 10,and 11.

F Currently, world wide consumption of bismaleimides is between about 15 and 2 0 million
pounds per year at prices of about $25 to $50 dollars per pound. About half of the total is sold as
neat or formulated neat resin and the ot’her half as blends with epoxy resin, dicyanates, or other

X resins.

\,J e S

o

MANUFACTURE
C The usual method of preparation of bismaleimides is from the reaction of maleic anhydride
: and a diamine. As shown in Figure 12, a bismaleimic acid is initially formed as an intermediate

which can undergo cyclodehydration at temperatures of 40-50°C in acetone solvent containing
:: acetic anhydride as a water scavenger. Although not as effective, bismaleimides can also be ob-
0 tained by a one step thermal cyclodehydration process in acetic acid It should be obvious that a
larger number of bismaleimides are possible by simply varyving the structure and molecular
weight of the diamine.

N
~ CURING AND CURING AGENTS
- The double bond of the maleimide is very reactive and can undergo thermal. free radical, and
o~ anionic initiated homopolymerization as well as free radical initiated copolvmerization with
~ pol) A
vinyl monomers. The maleimide double bond will also reaet with the allyl groups in materials
such as diallyl bisphenol A and triallyl eyvanurite
]
o The double bonds of bismaleimides can also react with nucleophilic reagents In particular,
%

primary and secondary amines have been used to chain extend bismaleimides. This reaction
. known as the Micheal addition, is used to prepare the commercially availahle materials shown in
S Figures 10 and 11. The variety of bismaleimides and dinmines has afforded a large number of
t commercial bismaleimide systems These chain extended materials generally have improved
processing characteristics and performance over the unimodified bismaleimides.
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PMR POLYIMIDES
'd INTRODUCTION
Polyimides obtained by the reaction of dianhydrides and aromatic diamines as shown in
Figure 13 provide thermally stable polymers with a good halance of physical properties. How-
ever, the polyamic acid precursor has two shortcomings, hydrolytic instability and the evolution
of cure volatiles. Development of polymer precursors capable of curing by addition polymeriza-

tion known as PMR (for in situ polymerization of monomer reactants) polyimides have solved
some of these problems. PMR type polyimide composites are finding application in aircraft/aero-

il 2

) space structural components, particularly aeropropulsion structural components where good
thermal stability is required. Parts ranging from small compression bearings to large autoclave

" molded aircraft engine cowls and ducts are being fabricated from materials of this type.

W CURING

The first such material, P13N (with P for polyimide, 13 for number average molecular
3 weight of ca. 1300 g/mole and N for nadic end cap), is shown in Figure 14. The PMR concept is
L g shown in Figure 15, and consists of impregnating the reinforcing fibers with a monomer solution
mixture dissolved in a low boiling alcohol. The monomers are essentially unreactive at room
temperature, but undergo sequential in situ condensation and ring opening addition crosslinking

E reactions at elevated temperatures to form a polyimide matrix.

< THERMOPLASTICS

Thermoplastics have over the past few years received considerable attention as matrix resins
for aircraft/aerospace composites. Many new high performance thermoplastic materials have

< been developed offering a balance of chemical, physical, and mechanical properties that make

“ them very attractive for composite appilications. Also they offer the potential advantage in com-

posites of low cost manufacturing of fabricated parts. There are already a number of high perfor-

Y mance thermoplastics such as polyimides,-polyarylene ethers, and polyesters that are commer-

."'{: cially available. The structures of three new high performance thermoplastics are given in
* Figure 16.

The three examples of commercial high performance thermoplastics, Ultem (General

! Electric), PEEK (ICI), and Xydar (Dart Industries), given in Figure 16 are but a few of the high

performance thermoplastics availahle. Total volume in terms of pounds for all high performance
thermoplastics is currently around 15 to 17 million pounds per year with selling prices ranging
from $2.00 to $90.00 per pound.

s55

There have been over the vears many different thermoplastics examined that have not
reached commercial success and there a great many more that are currently being evaluated by
one research group or another. A great majority of these materials are condensation type poly-
mers based on difunctional reactive intermediates such as bisphenols, aromatic diamines, aro-
matic dianhydrides, and other types of difunctional reactive intermediates.

A

‘)
L.
CONCI.USIONS
A The foregoing is a brief overview of the principal commercial materials being used for high
:}. performance aircraft/aerospace matrix resin. A common thread that runs through all of this is,

that many of the same type building blocks are employed over and over again in these high
performance thermoset and thermoplastic. Some of these huilding blocks such as hydroquinone,
bisphenol A, m-phenylene diamine, methylene dianline, nadic methyl anhydride, and maleic
anhydride are commadity chemicals or are relatively inexpensive. However, for many more of
these intermediates they are obtained from difficult multistep synthetic procedures with low

o

, . . . .

.::» overall yields. Perhaps, biotechnology can provide more efficient, less enstly routes to some of

- these classes of materials and with greater purity than currently achievable.
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ﬁ Specialties
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:?:Z‘ Total Market - 318 MM Ib (Neat)
a Figure 1. Epoxy Resin Domestic Demand By Product - 1986
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::t Typical Properties of Selected Liquid Epoxy Resins
5 Approximate Typical Typical Viscosity
Average Molecular EEW Range, Poise,
Weight, Mn Range 25°C
? 340 172-178a) 40-60
350 178-186b} 65-95
: |
w 370 185-192¢) 110-150

Examples of Commercial Resins
o a) EPON’ Resin 825 EPI-REZ° 508 DER 112
] b) EPON Resin 826, EPI-REZ 509, ARALDITE 6015 D.ER 330
c) EPON Resin 828, EPI-REZ 510, ARALDITE 6010, D.ER. 331

EPON is a trademark of Shell Chemical Company.

' EPI-REZ is a trademark of Interez. Inc

E ARALDITE is a trademark of Ciba-Gergy Corporation.
D.E.R. is a trademark of Dow Chemical Company.

:c:' Figure 2. Structure and Typical Properties

“ of Liquid Bisphenol A Based Epoxy Resins
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Dimer Acid 1 ] Flexibility
.- 0 0
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5 CH3 CH)
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g High
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Tn Tetraphenol

“ Ethane
Methylene ~ -

Figure 3. Specialty Epoxy Resins
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Ccl OH CH3 OH CH3
I 7\ I I ! ON
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Figure 4. Manufacturing Schem? for Liquid Epoxy Resins (Conventional Resin)
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M. R. Thoseby, B. Dobinson, and C. H. Bull, Brit. Polym. Jour. 18, 286-291 (1986).
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o QO O HOme

m-Phenylene 4‘4-Methylene Dianiline (MDA) 44- Dtammodlphenyl Sulfone
Diamine (MPA)

. Physucal Eqﬁivalent Usage, | Maximum
Amine State Weight phr DT
m-Phenylene Diamine " solid MP 27 14 150
62-63°C
4,4'-Methylene Dianiline Solid MP, 50 27 155
92°C
4,4’-Diaminodiphenyl! Sulfone | Solid MP, 62 18 176
176°C
Proprietary Amine No. 1 Liquid 48 25 162
Viscosity
at 25°C
5-20 Poises
Proprietary Amine No. 2 tiquid 38 20 149
| Viscosity
i at25°Cc |
‘ 15--40 Poises |

a) Defiection temperature obtained with a resin having an EEW = 190 and usmg the level
of curing agent in the usage column.

Figure 7. Structure and Characteristics of Selected Aromatic Diamine Curing Agents
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Structure/Name Physical State
0
I
C\ Nadic Methyl Liquid
|CH2 o) Anhydride
/ (NMA)
CH3 C
i
0
(o)
il
(Y Hexahydro- Solid
o phthalic (m.p. 35°C)
/ Anhydride
C (HHPA)
]
0
(o]
] ‘
C\ Tetrahydro- Solid
o phthalic (m.p. 101-102°C)
/ Anhydride
C (THPA)
]
0 f
o
" Methyitet d
ethyltetra- Liqui
RN hydrophthalic e
0 Anhydride
c/ {MTHPA)
CH3
]
(o)
0
Cl "
cl C\
o Chiorendic Solid
Y Anhydride (CA) (m.p. ~230°C)
Cl C
al n
(o)

Recommended Optimum
Concentration Range (phr)

80-90

75-85

75-85

75-80

100-117

Figure 8. Selected Acid Anhydride Curing Agents
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N-Ar-N C NHNH
_Ar_
’z H795
£ Heat
kﬁ
_Ar—\)::t @c NHNH:Q» )\“:ﬁ
Ar-

.
‘{. - . -
u Figure 11. Bismaleimide (H795)

(Technocthemie GmbH - West Germany)
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X CH3CI [ NH-Ar-HN
» | O+ HaN-Ar-NHp T35 |
R DMF, or | A HO.
Toluene I !
0 0

R Bismaleamic Acid
HOACc
g 1) Ac20, NaOAc, 90°C, or

2) DMF, NaOAc or

.. 0O 0 3) Heat
I."
'J‘
" N-Ar-N |
'E“-! o O

Bismaleimides
Figure 12. Synthesis of Bismaleimides
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3,3-Diaminobenzophenone 3,3°4,4’-Benzophenone
l Tetracarboxylic Dianhydride

[ o 0 o ]
\@jc@_")j@ J@ﬁ"”/
HO-C C C-OH
I N I

| o) o] (0] In
6 Polyamic Acid

l—HzO
. {

— —

r - e — n
S-“ LARC-TPI(Tq ~ 280°C)

v
NS

e

L

.
e

L

A Figure 13. Synthesis Scheme for LARC-TPI

t‘\‘ 009285 92




e

L4
,, o [ 0 )
» I 1 0 1 | I
s H I
) @[C—OH HO-C C C-NHA CH2 NH—Cj@
- c-~u~@{wz-:’ \>—N H-C: C : :c-ou HO-C
S‘_y I - - I I It
T o L 0 0 JF=167 0
< P13N
i“z Ciba-Geigy Amic Acid Solution in NMP
S. L. Kaplan, D. Helfand and S. S. Hirsh, SPI Tech Conf. Feb. 1972
“
*r
DA _ - _ - ~ o} o -
It ° I
I H3C-0-C C C-OCH3
<4 ~OH
N H
2 +(n+1) [HaN C NHy | +n HO-C C-OH
H 1l "
~OCH
. i 3 L (0] (o)
- 0
. L = - - - -
NE MDA BTDE
! Monomeér Approach (PMR)
, T. T. Serafini, P. Delvigs and G. R. Lightsey, J. Appl. Poly Sci. 16, (4), 1972
U.S. Patent 3,765,149, July 1973
-r'
_-$ Figure 14. Reverse Diels-Alder Additici Molyimides
I 009285 93
b
t
~
A
>
>
2
%
("
".
]
e

40

OO0 NS
N RN NN

J M CAK NN
Attt

RONOAAOGI OO GODRNO O ARA
RATDERN ‘:*‘.'n‘;'a‘.'\t't‘.‘n‘o:l‘c:i!l’ﬂs’lfotl




T ETO T T -r VN

" [ o | T 17 0 ]
1
. -OH c OCH
H H3C- O—C 3 Monomer
1) + |HaN S NHz | + Reactants
';')_.v ~OCH3 HO—C —OH
AY ]}
. | o B ~ | B i
NE MDA 8TDE
! 2.000 moles 3.087 moles 2.087 moles
W
1RT =150°C
¥
) o B o} 0 o
Tl i 1 il
-OH HO-C C C~-NH- NH—C
3 2 1 3@
v -NH 1 @—( O—NH C C-OH i
i i o
, 0
N O n-2087
}f

Amide-Acid Prepolymer

E 150-250"C
0 0 0 (o]
i ! ﬁ 1l 1l
o~ < C RN <
o 3) N H N N H; N
s ol ~c c ~c
Il g ] 11
. o L ° n=2.087 o
s Imidized Prepolymer from NE /MDA /BTDE, Formulated Molecular Weight, FMW = 1500
'ﬁ 1Pressure 250-316°C
A
o 0 0 0 o}
‘F. I I I I T
., C G C C P e
a) N CH» N @[ N—@-CH; N
D C ~c C NG
i 1} ] " "
-
- ° 0 0J2.087 o
:-""» Figure 15. Reaction Scheme for PMR-15 Reverse Diels-Alder Maleimide
]
ns 09785 9%
P‘.I

lotli.ino-"'A't"t‘\'o"" DATQUTCR
! .I'O“"e "l ‘.‘.QSEIQZ“':“‘.."Q'..“‘:ﬂif.»‘\ ’6 «'! '9 :’l'( %, 0‘.‘) (‘l,. l‘ ( ", ?,f,:,':‘




Y

r A
£ &

2 @,

e

4

o
r
‘r'],

&

-0 10-..0-£:0~0-OL

s

Ultem
&
0
||
(o) C (o]
¥ "
Al Polyetheretherketone (PEEK)

o

OO0 J-0-0~-0-

Xydar (Random Copolymer)

=52

Figure 16. Selected Commercial High Performance Thermoplastics

009285 96

Pl
»

;‘.{-

e

W
.

hphrir

LA

-

B Y pt X




vtz

Applications of Biotechnology to Synthetic Chemistry:
for Aerospace Matrix Resins Development

PN

Masato Tanabe

2 =B

microorganisms as well as higher cells and their active principles, with
the aim of achieving desirable conversions of various substrates.
Recently, biotechnology has captured scientific, commercial, and public
attention because of the wide scupe of materials--such as pharma-

> ceuticals, foodstuffs, and commodity chemicals--that can be obtained
through its use. '

;g Biotechnology, among the oldest of man's technologies, uses

ﬁ Advances in the constituent sciences of biotechnology (molecular
biology, microbiology, genetics, biochemistry, physiology and bio-organic

chemistry) have contributed te better understanding of, and greater

. ability to regulate and manipulate, living systems to produce bio-

B materials. These desirable products of biotechnology are produced as
pure compounds, mixtures, cell fractions, or biomass. They can be either

!! homogenous or heterogenous chemical structures that result from de novo

' formation or by transformation or degradation of substrates by the living
o cells. These bioproducts are produced by either a single biochemical

ﬁ; reaction or by multistep processes, and they account for essentially the

chemical nature of biotechnology.

The most understood, studied and applied area of biotechnology is
the use of single cell or microorganisms to mediate biochemical
reactions. This technology has been applied to man's needs since
antiquity. The ability of microorganisms to produce these desired
metabolites is primarily due to the catalytic activity of their
enzymes. Microorganisms employ both constitutive and inducible
enzymes. These metabolites are produced to benefit the organisms
viability and reproduction. Each reaction is catalyzed by a particular
enzyme in a highly complex and well-coordinated metabolic pathway. In
addition to their usual natural substrates, many of these enzymes accept

A
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Masato Tanabe, Director, Bio-Organic Chemistry Laboratory, SRI
International, 333 Ravenswood Avenue, Menlo Park, CA 94025
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other structurally related compounds and thus catalyze unnatural
reactions when foreign substrates are added to the fermentation medium.
These reaction products can usually be isolated from the medium. Such
chemical reactions mediated by microorganisms or their enzyme
preparations are called biotransformations. They should be viewed as
selective enzymatic modifications of a well-defined pure compound into a
defined final product.

Microorganisms are capable of catalyzing many diverse types of
chemical reactions. This synthetic diversity is exemplified by the
general reaction types shown in Table 1, which lists reactions mediated
by microorganisms.

Table 1

REACTION TYPES MEDIATED BY MICROORGANISMS

Oxidations Hydroxylation, epoxidation, dehydrogenation of C-C bonds;
oxidation of alcohols and aldehydes; oxidation of amines;
oxidative degradation of alkyl, carboxyalky!l, or ketoalkyl
chains: oxidative removal of substituents; oxidative
deamination; oxidation of hetero-functions; oxidative ring
fission; amind N-oxides

Reductions Reduction of organic acids, aldehydes, ketones and
hydrogenation of CzC bonds; reduction of heterofunctions,

dehydroxylation; reductive elimination of substituents

Hydrolysis Hydrolysis of esters, amines, amides, lactones, ethers,
lactams, etc.

Condensation Dehydration; O- and N-acylation; glycosidation;
esterification; lactonization; amination

Isomerization Migration of double bonds or oxygen functions;
racemization; rearrangements

Formation of C-C bonds or hetero-atom bonds

BIOTRANSFORMATION

Biotransformations have many useful characteristics for applications
in synthetic chemistry. These characteristics, which are typical for
enzyme-catalyzed reactions, include reacticn specificity, regio
specificity, stereospecificity, and mild reaction conditions, described
below.
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Reaction specificity. The catalytic activity is usually restricted
to a single reaction tyne. This means that side reactions are not
expected as long as one enzyme is involved in a biotransformation.

Regiospecificity. The substrate molecule is usually attacked at the
same site even if several groups of equivalent or similar reactivity
are present.

Stereospecificity. The reactive center of an enzyme provides an
asymmetrical environment and distinguishes between the enantiomers
of a racemic substrate. Therefore, only one--or at least
preferentially one--of the enantiomers is attacked. On the other
hand, if an enzyme reaction produces a new asymmetric center,
usually only one of the possible enantiomers is formed and the
product is therefore optically active.

Mild reaction conditions. Activation energy of chemical reactions
is distinctly lowered by the interaction of substrate and enzyme,
and thus biotransformations take place under mild conditions
(temperature below U0°C, pH near neutrality, normal pressure).
Therefore, even labile molecules can be converted using low energy
consumption without undesired decomposition or isomerization.

Because of the above praperties, biotransformations provide a method
for carrying out synthetic reaction steps that are frequently difficult
to accomplish by hemical methods.

With these characteristics and properties, clearly the application
of microorganisms and biotransformations to the solution of synthetic
problems of organic chemistry will grow in importance. Many biotrans-
formations offer unique synthetic transformations. In planning synthetic
strategy, enzymes and biotransformations should be regarded as one more
type of catalyst and integrated into the available techniques of
classical organic synthesis.

Biotransformations are also well suited for solving problems in
organic synthesis because the large-scale production of microbial cells
is possible, unrestricted by location or seasonal factors. The
production time to produce microbial cells is relatively short and the
cost of producing *tuem is comparatively low because the fermentation
nutrients are commodity items (cornsteep liquor, glucose, yeast extract,
etc.).

Continuing advances in biosynthetic theory focused on:
Primary, secnndary metabolism and biochemical differentiation,

Biosynthesis, metabolism and repnalation,
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Polyacetate derived metabolites.

The shikimate pathway and its stereochemistry.

Mealonate derived natural products.

Stereochemistry and enzymology of biological reactions.
Developing methodology for elucidating metabolic pathways.

Will facilitate and enhance the use of enzyme systems in organic
synthesis.

This presentation will focus on the potential use of the enzymes
from primary or secondary metabolism (Chart 1) that are either consti-
tuitive or induced enzyme systems available from mammalian, microbial or
plant sources.

In discussing "Biotechnology in Synthetic Chemistry and its
Applications to Resin Chemistry", several areas will be examined
including:

Material Cost Reduction Through Biosynthesis

¢

- Bioproducts as chemical intermediates
- Bioreactions on non-biological molecules

Materials Not Otherwise Obtainable
- Bioproducts for direct use

Learning the Mechanism of a Biophenomenon (Biosynthesis) and
Mimic the Process in Non-Biological System

- Enzyme mimics and models
- Biomimetic synthesis

What is Feasible Today - Tomorrvow
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CHART I

ENZYMES FROM PRIMARY AND SECONDARY METABOLISM
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The Application of Hydrocarbon Bioconversion
ﬁ Technology to Aerospace Materials Production

R}

s

1
[ S

Ronald J. Huss, Ph.D.
and
Paul E. Swanson, Ph.D.

>

< Bio-Technica! Resources, Inc.
& 1035 South Seventh Street

Manitowoc, Wisconsin 54220

Introduction to Bio-Technical Resources, Inc.,

.ﬁ'\

Bio-Technical Resources, Inc. (RTR) is a 25 year old,
privately held biotechnology companv with its origin in the
malting and brewing industries. The primary business has
evolved into product and process development for the
fermentation, pharmaceutical, chemical, and food industries.
The staff consists of approximately twenty scientists and
engineers in the fields of microbinlogy, biochemistry, and
E chemistry working to develop industrial fermentation systems

o R

and biotechnical processes.

BTR is capable of conducting a rescarch program from the

% conception of an idea for a product or process through

= scale-up into 250-liter bioreactors. Preceeding the
initiation of any research program, a detailed technical and

! economic feasibility analysis is performed. This analysis
identifies technical objectives, estimates time required to

achieve the objectives, and estimates the economics of
existing and alternative technologies,

5%

A typical research program may include all or some of the
following components: 1) the conception of an idea for a
product or process, (2) estimation of the economic and
technical feasibility of the idea, 3) identification of
technical and economic objectives, 4) establishment of a work

=

@' plan, 5) development of analytical methods, 6) initial

¥ screening of microorganisms or enrvmns for a specific product
or process, 7) stirain improvement Lo increase yvields and

) rates, 8) fermentat ion or other hioprocess development, and 9)

yj scale-up of the process into 1-, 14-, or 250-liter
bioreactors.
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Research Intereste

BTR cur:ently has »oscarch intercots in widely diverse areas:

1. Development ! toermentation procecses for specialty
chemicals from carbohydrates

2. Pioneering the application ~f heterotrophically-grown
green micrcalaar as industrial microorganisms to produce
speclalty chemicals.,

3. Hydrocarbon bioconversions.,

4. Application of biological preocesses to the mining,
metallurgical, and catalyst industries.

5. Development of a fermented malt (beer) flavor.
This talk will hiaghlight BTR's past experience, current
research programs, and future expcctations in the area of

hydrocarbon bioconversions.

Hydrocarbon Bioconversion Experience

BTR has been involved in a number of hydrocarbon bioconversion
research programs. Some of these can be discussed in detail
because the informaticn has been published in the form of
patents. Others can only be discnssed in general terms due to
the proprietary nature of the roacarch,

United States Patent Number 3,77%,¢21 is a "Process for the
Biological Production of Alpha, 1 -1a-Alkanedioic Acid." This
patent describes the medium comporcition, the culturing
conditions of the bacterium us~d, the use of a mixture of
branched saturated aliphatic hydrerarbons as an inducer, the
use of enmulsifiers, and the envirenmental conditions of an
aerobic fermentation process. The bacterium developed to
perform the biocontersion was oriainally assigned to the genus
Corynebacterium, but has since bcoen renamed Rhodococcus.

Mutants developed in a strain improvement program by a series
of mutation and sclcction steps - on file with the American
Type Culture Collection (ATCC). Thease strains convert
n-alkanes of 10 to 14 carbons, typically dodecane, to the
corresponding alphna, omega-alkanecdioic acid, typically
dodecancdioic acid, with high yiclds and conversions,
Conversion i defined as the percentage amount in moles of the
n-alkane consunmed during fermentation by the bacterium without
consideration o¢i the product ot the bioconversion. Yield is
defined as the percentage amount in moles of the n-alkane
converted which nnds up as alpha, omega-alkanedionic acid.
Yields were in the range of 30° to 40%, Final product
concentrations were in the ranae - f 30 to 45 g/liter.,
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-~ The bicchemical pathway for the ~nga-oxidation of

. hydrecarbons by bacteria congists ot a series of single-step

t oxidations. The process begins at one terminus of the
n-alkane with oxidation to a priwvary alcohol, then to an
aldehyde, and finally to a carboyylic acid. Then the same

" series of oxidations proceed at the other terminus,  This

:{ multiple step bioconversion rcquires oxygen and NAD . Because
of the multi-step nature of this bicconversicn, the whole cell

L apprcach is the most technically feasible.

Yy . : . , . :
A typical fermentation process dcvelopment program like the

] one described above consists of four phases: 1) a strain

N

improvement program, 2) shake flask and enzymology studies, 3)
pilot fermentation studies, and 4) bioreactor design. Strain
improvement is accomplished by developing and using

5,

N mutation/selection methods and other techniques to improve
ﬂ product yield and formation rate. Shake flask and enzymology

studies are directed toward understanding and optimizing the
mechanism of product formation and release. The pilot
fermentation program is conducted to optimize product
formation in higher-density cultures, and to determine optimum
process conditions.

| =5

- Another example of BTR's experience in hydrocarbon
bioconversion was a fermentation development program to

. convert heptane to heptanocic acid. This conversion was

r performed by the bacterium, Pseudomonas aeruginosa. This
program presented some unique challenges because of the

o requirement for adequatd oxvgen transfer without excessive

ﬂ evaporation of the substrate, heptanc.

BTR was also involved in a fermentation development program
E for the bioconversion of a steroid, A microorganism was used
to specifically hydroxylate a storoid.

o BTR also has expovicnce in the arca of enzymatic

K% bioconversions. B-Glucosidase normally catalyzes the
hydrolysis of arematic B-gluccsides and cellobiose. Under

- appropriate cenditions in the presence of alcohols it will

i catalyze the svnthe:ris of alkyl «lucosides. This rescarch

- demonstrates the voriety of techreloaical approaches that can

-, be applied to enzymatic conversions. Fnzymatic conversion in

- nonaqueous systews can be utilized to reverse hydrolytic

o reactions, alter cubstrate specificity, and improve enzyme
stability. Enzyones can be drmnobiiticod to enhance performance

- and stability. Fnzyme stability can also be improved by

. covalent modification. Riphasic rcaction systems, such as
aqueous/aqueous, aqueous/nonaquecus, and reverse micelles in a

. nonadqueous systom, «an be nsed 1o take advantage of the

F partition coetfficients of substrates, products, and enzymes.

..‘*J~_ l.
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Current Hydrocarbon Bioconversion Pescarch

BTR is presently evaluating the technical feasibility of "A
Biological Approach to the Synthesis of Meta-Hydroxy
Phenylacetylene from Phenylacetylene." This research is
sponsored by the Alr Force througli the Defense Small Business
Innovation Research Program,

Acetylene-terminated resins are onc of several candidate
polymeric resins being considered for potential aerospace
applications. The¢ acetylene-terminated resins possess
properties requircd for the proposed applications such as good
mechanical properties, high thermal stability and good
properties retention after expeosure to moisture. A limiting
factor for the commercial application of these resins is a
cost-effective mcthod for the synthesis of an essential
constituent, meta-hydroxy phenylacetylene. Chemical
approaches to the synthesis of this monomer have not resulted
in an inexpensive product of acceptable quality.

The BTR reseach program proposes o biological approach to the
problem. Two pcssible biological routes exist. One is an
enzymatic approach. Commercially available enzymes such as
horseradish peroxidase and lactoperoxidase will be screened
for the ability to sclectively hvdroxylate phenylacetylene in
the meta position under a variety of conditions. There is
precedence in the literature for the sclective enzymatic
hydroxylation of arcmatic compounds. The other biological
approach is a microbial fonversion. A variety of
microorganisms will be screened for the ability to convert
phenylacetylene to meta-hydroxy phenylacetylene. There are
numerous examples in the literature of microbial
hydroxylations of substituted arcmatic compounds, especially
by the Pseudomonads. The objective of this research program
is to evaluate the two bioconversinn systems, microbial and
enzymatic, to determine which warrants further development.

Biotechnology-aAssisted Chemical Synthesis

The following section summarizes FiR's interests in the area
of biotechnology-assisted chemical synthesis.

The technology developed by the current research program to

evaluate biological routes for th+ mrnta-hydroxylation of
phenylacetylenc will he applicd o ather substrates,  In
general, advantage will be taken ot the low substrate
specificity of some enzymes to apy 'v technology developed for
the specific bioconversion of a spocific compound to the
specific bioconversion of a generl class of compounds. In
this case, technoloay developed “or the meta-hydroxylation of
phenylacetylene will be evaluated with respect to the specific
hydroxylation of othrr aromatic -orpounds.,

T
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Through its expericnce with heterotrophically-grown green
microalgae, BTR has learned the value of evaluating unique
gene pools for products or processes of interest. This same
philosophy can be applied to hydrocarbon bioconversions.
Enzyme or whole cell systems may already exist for some of the
products and processes of intercst in the area of hydrocarbon
bioconversions. Through screening programs and basic
biochemical research, these products and processes may be
identified.

Bioconversion systems should be used to supplement and not
compete with existing efficient organic synthetic methods.
Biological methods should be uscd when they afford the
opportunity for lowering costs of starting materials, are able
to shorten a synthetic route, or aic capable of reducing
multiple step reactions to a single, more economical step.

Enzymes with unique catalytic properties may find application
in difficult synthetic reactions. 1f enantiomeric specificity
is required, an enzymatic system may provide a more direct
approach than an organic synthetic method. Bioconversion
systems may also find application in situations in which mild
reaction conditions are required to protect reactive groups or
labile compounds. Typically, biological systems operate
optimally at moderate temperature, piH and pressure. Reactions
at unactivated sites, such as steroid hydroxylations, may be
better performed biologically. Nonagueous enzymology may be
used to alter substrate specificity or catalyze "reverse"
enzymatic reactions, such as transcsterifications.

A continuous dialog between the bhiotechnology and aerospace
materials communities will identify areas in which
biotechnology might provide chemical intermediates or
catalytic processes which could impact aerospace composites.
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ABSTRACT: Benzene is oxidised by oxygen utilising the dioxygenase

INTRODUCTION

The majority of 1inear polymers cont aininge: the aromatic nueleus are
synthesised usine ¢ bocondenaat fon teche g o0 Examples jnelade
poly(ethylene terephthalate) (PETY polvitoraphthalamide) (Keviar) )

THE SYNTHES1S OF POLYPHENYLENE FROM A CIS-DIHYDROCATECHOL
BIOLOGICALLY PRODUCED MONOMER

D G H Ballard, A Courtis, I M Shirley, *S C Taylor

enzyme contained in the microorganism Pseudomonas Putida. Genetic
manipulation produced a variant which gave exclusively the initial
oxidation product of benzene the cis-dihydrecatechol (g) in practical
quantities. Derivatives of the latter, in particular the methyl
carbonate can be obtained pure and are very stable. They polymerise in
the absence of solvent with radical initiators to give a polymer (4).
The latter is soluble in solvents such s acetone and methylene -
chloride and readily forms coherent coatings and films. On heating
methanol and C3, are expelled and polyphenylene is formed as a coating
or film. The aromatisation pnpocess is ~atilysed by bases and can ozcur
well below the glass transition temprratare of the precurazor polymer
of 192°C. The aromatisation can occur under homogeneous conditions in
the basic solvent MN-methyl pyrrolidone. Surprisingly, these partially
aromatised molecules are soluble even at ~onversion to 30% phenyl
groups. The latter studies can be une:-! t > measure the glass
transition of polyphenylene which was f-und to be 283°C,

Neutron Scattering stiudies have shawn that the precursor pnlymer is a
random coil. Viscosity measurements ohoew *hiat there i5 a coil-rod
transition on aromatisatinn in N-methvl nyrrolidone. Crystallographic
data on polyphenylens arystallised vy 0 class-transition and the
thermal and electrical properties are {1~ oribed.

poly(phenylene ecther nlphone) (PESY Yy phenylene ether =ther ketone
(PEEK) ete,

NB
[CT PLC, Hew Science SGeoap, The Heatsyy, oo wren s Cheahire, Ineland
¥ICL Hiolovieal Prodact Spejneas, b Ty Ritbtincham, loveland




- -

R P C TR

"
P

b

vl

v .
'
..

Y.

£
.
I

T )

MR i §

TR

v

[

}L" l'

5L X

2L

o

.‘, .*, a’ X ‘0'

N T BN g P
'. "'9':.'0" '.n‘l_-"'."l.!‘ﬁ"t‘.‘, ‘.“‘u'll-'t. AR

l An advantage to this synthetie rout. 1 tnat molecular frapgments

T Joining the aromatic nuclei can b i o =0 oas to give melt
processabitity. The ji~ndvantace ot hi- meathod of synthesis s that

i the molecular frogmmen & Joininge tae cheny ]l rroups are more susceptible

: to thermal, oxidative and photorbieicor Sttt ack, These facts have been

extensively debated nver the last twenty years and form part of the

knowledee builft up un the relatinnshiic between molecular structure and

stability in polvairomatic material~., The expeetation is that

! polyphenylene would e Lhe most i 2t stable structure of iall the

; linear polyaromatizs and consequently virious attempts have been made

to synthesise this material.

| One route to polvpnenylene is the dir..t poalymerisation of benzene
" using a technigque ‘devoloped by P Fovicio and othere, ',2,2. The

process 15 known o oan oxidative oationic polymerisation and requires
large quantities of cupric chloride,

The precise structure of the polvmer produced is not known but
contains a mixture of 1:2 and 1:4 units plus chnemical defects®. The
products are more correctly defined as oligomers rather than polymers
since the chain lengths are between 10 and 15 phenylene residues.
Moreover, it is difficult to remove completely all the CuCl, from what

: is rather an intractable solid. Notwithstanding these criticisms this
is a successful route to polyphenylene and powders are produced which
can be fabricated by sintering techniques into various shapes?

A second synthesis of polyphenylene is that due to Yamamoto" in which
p-dibromobenzene polymerises in Lthe prosences of magnesium

4 nMg + nBr- Br ——— + nMgBr,

using a nickel catalyst. This is on~ " the few examples of Grignard
chemistry being used directly to form A micromolecule. Molecular
weight measurement: indicate that the vrowth does not o beyond 10 to
, 12 phenylene residuss. This is becwine the polymer separates as a
crystalline solid and further polymorisation to higher molecular

¢ weight is not possible.

An early attempt ‘o ure polymers ~f v-lohexadiene as 3 route to
polyphenylene wan by Marvel and oow vvcen™ 207 8 gng involved the

direct polymerisation »f cyelohexa-1,2-'iirne nsing A Jierler ~atalyst.
This produced potytoycotoiioxone) cont pogine Tl and 1

te
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Aromatisation of polymers with strilcture 1 was attempted by reacting
it with bromine followed by pyrolysis too eliminate HBre.

The purity of the products formed by this method is highly suspect as
there are a number of bromo-substitutod intermediates that might be

. formed and aromatisation would be incomplete. Furthermore, the fact

’ that reactants and potential products are beth insoluble in solvents

makes control of the chemistry difficult,

An additional complication is having HBr as the leaving group.
Readdition of the latter to unsaturated intermediates formed in the
reaction is possible. It is doubtful therefore that this route ever
produced "clean" polyphenylene. It is more likely that the structure
consisted of small numbers of the fully aromatised molecules admixed
with partially aromatised segments.

: This paper describes the synthesis of
: 5,6~cis-dihydroxyzylohexa-1,3~diene (DHCD) 2, the study of the

polymerisation of its derivatives 3 and the conversion of the polymers
formed 4 into polyphenylene

. [ H 1
- OH OR OR
:' N OH OR OR
— 1 H 1N
2 3 A

. The advantage of this particular diene is that the polymer formed is

. sSoluble in a variety of solvents because of the presence of the
solubililising group OR, where R can be CH,C0O, CH,0.CO etc. Moreover,
on aromatisation the Ieaving group ROH i3 an organiec acid which
normally cannot add to an unsaturated hydrocarbon in the manner of
HBr. Finally this possibility can be crmpletely eliminated by using
the methylecarbonic arid which at aromatisation temperatures decomposes
into methanol and carbon dioxide,

Although it is possible Lo produce componnds of the type 2 by

i conventional organic chemistry, it ic m re oconomie o use microbial
oxXxidation of aromatic hydrocarbons. The additional advantaee to this
route is that the O,h-cis-dihydroxy yelohori-1,2-diene forme~d 15 the
only isomer. Moroove“,—WZPivativuﬁ A the Tatter are polymerisable
whereas O,b-trans-diayiroxy=- cyelehoyy-1,3=-4i~ne obhtained by
conventional synthetic rganic chemicstry polymerises witn difficulty.
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EXPERIMENTAL SECTION

Fermentation

DHCD was produced by the batch fermentation of Fseudomonas putida in
an LKB 1601 fermenter with working volum:e ot 3-U9. The cells were
grown in a mineral salts medium with ethanol as carbon source.
Temperature was maintained at 30°C and p*l kept constant at 7.5 by
automatic addition ot NaOH or HCl. Pen:ene was supplied by passing the
in-flowing air (1.2 ¢ min™') through a round bottom flask containing
benzene and the oxygen tension in the fermenter was maintained at 5%
saturation by regulation of the relative amounts of air and oxygen
added to the culture. The production of DHCD was monitored by the
intensity of the UV absorbance at 260 nm. When accumulation reached
the maximum level the culture was centrifuged to remove cell debris
and the product extracted into methylene chloride using a continuous
counter current extraction method. The methylene chloride solution was
then concentrated under reduced prescure to a glycol concentration of
0.25 to 0.30 g m1™!' and three times the valume of n-pentane slowly
added to the warm solution. The DHCD erystallised out and was
recovered by filtration. After washing with pentane the pure product
was dried and stored at -4Q°C,

Derivatisation

The derivatisation of DHCD is exemplified by the synthesis of the
diacetate, DHCD-DA. The diol (1.3 mol) was dissolved in pyridine (4.2
mol) in a round bottom flask and cooled to -10°C. Acetic anhydride
(4.0 mol) was then ndded dropgwise under nitrogen while maintaining the
temperature below 0°C. After additicon the reaction was left stirring
at 0°C for one hour and then allowed to warm to room temperature. The
product was concentrated by removing pyridine on a rotary evaporator
at 40°C and the concentrate added to diethyl ether (800 mls) in a
separating funnel. This solution was then washed three times with 300
ml aliquots of 10% aquenus sodium bicarbonate and three times with
similar quantities of water. After drying over sodium sulphate the
ether was removed by rotary evaporation t» yield the DHCD-DA as a
slightly yellow liquid. This was purified by fractional vacuum
distillation at 70°C (0.} mm Hg) to cive product of 99.5% purity in
80% yield.

Bulk Polymerisation

Pure DHCD-DA (15g, 7h.% mmol) and aznari-i=~ohatyronitrile (53 mg, 0.32

mmal) AZBH initiator were placed in o o0 b voundd botbtom {ask nd
degassed by pumping tollowed by flusnine «ith nitrogen three Limes.
The reaction mixture wias then heatod to 70 and allowed Lo polymerise

for 72 hours. The resnlting solidified reaction mass was dissolved in
chloroform (100 mls) with stirring nd the palymer (12 £, 807 yield)
recovered by precipitation into hexane (1 titre). The molecul:r weight
of the polymer was de“oermined by vl permeatioan ohromategraphy (GPC)
in chloroform solution using a refractive intex detector and ronfirmed

560
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Polymerisation Kin=stic-=

[
L
%. ﬁ& Most of the kineticr it wis abtained for balk polymerisations up to
[ | 10% conversion pertformed in Jditatometer tabes. The monomer and
J¢ - initiator were simply mixed, degassed and poured into the dilatometer
e under nitrogen atmosphere. The variitions of rate with initiator

; S& concentration and temperature were ~htained in this way. Monomer
if n dependence was determined by dilatmatry of bencene solutions of the
'? monomer using exactly the same experimental procedure.
R
.“: "0 Dispersion Polymerisati

(¥
- ™ Monomer (1.0g DHCD-DA), inttiator 7 my AZBN) and dispercomer (50 mg
.ﬁ “4 X190-242, a comb polymer Wwith polyfmethylimethacrylate) backbone and
Q‘ - poly(12-hydroxystearic icid)/glycidyl methacrylite side chains in the
o T ratio 2:1 supplied by I7I Paints Division, Slouch, UK) were placed in
o\ by a 50 ml round bottom flask and degassed three times. Heptane (7 mls)
e £ was then added and the mixture stirred under nitrogen at 80°C in a
e water bath., Polymerisation was continued for 48 hours and the polymer
N recovered by filtration.
N

> AN
) Aromatisation
p
," 8; The aromatisation of the polymers of DHCD derivatives in the solid
B state was studied by thermogravimetric analysis (TGA) under nitrogen
) . or in vacuo using a Perkin-Mmer TG3-? instrument.. Samples of the
" r: polymer were loaded into the machin. and weight 1o monitored as oo
zi A function of temperature at a fixed heating rate, typically 10°C/min,
'ﬂo or isothermally as a function of time a* a given remperature,

typically 300°C.

)
S

) Aromatisation in solutinn was performed by heating the polymer (5%

: Ww/v) in N-methylpyrrolidone at 150-20000, Aliquot @ were removed at

\ appropriate intervals and quenched by precipitatinn inta methanol.

z“ These samples were then charactericod by GPO oo described above,

) intrinsic viscosity at 30°C in chlonroferm, infra-red and TGA. The
latter Lwo techniques provide means of determinine the dovren of
aromatisation of the palymer. In intra red thi- - Yy compiarison »f
the carbonyl absorpt fon i the precur o mopone o T A0 em T g th the
aromatic absorption ~f the rocalbtines phenylene vines at 210 em™!', The
only complication with tni~ intra-r.{ mathod ocroqr s with the
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I @ dimethylearbonate deriyvative, DHOT-TMC 0 which shiowe an o addit tonad

,l‘ e Absorptinn of VTG e T e i crge e Ui oo b e

: ?: aromatisation and cvenicrally Aiaare i acaie s aromat ot jon je

~ B completed, The peal ot VAT cop™b b ool of rhony ! abeorptiion

:" oy in a strained rine =teg - ture ad the phenomencn Sty been interpreted

L; E? as the formation of ~oyol iz carbanat o progpes Foaa tab e 70 neodiiced by
the elimination of Jdimethyloarhonate, On Carther heatinge these groups

.::: aromatise with loss f water and caehon Aioxi e TGA provides the

‘o8 ;5‘ weight loss Lo complete aromatisatiosn and, by o-miarison Jith the
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: theoretioally calcul ¢ od rosult, an oY imate of rhe dqegree of
aromatisation occurring during the solntion process can b made,
i Crystallinity
2
o The X-ray ditfraction peatile of ceyotalline potyphenylene chows three
@: characteristic maxims ' d spacings ~f 4.5, 3.9 and 3.2R equivalent to
20 values of 19.4, 22,4 and 27.6°. In addition there is normally a
characteristic broad ditfraction hal~ peaking at around 20 = 19° from
b the amorphous polyphenylene in the sample. The degree of crystallinity
~ can be determined bv nsing a comput-r program Lo perform a least
squares fit of four lLorentzian profiles at these 20 values on the
:,“: observed diffraction pattern. The ritin of the ~um of the areas of the
LY three crystalline penks tno the total area of the diffraction pattern
including the amorph:ris hiila then rives Lhe desired result.
g Glass Transition Temiwrature
- Samples of the precurser polymer were converted Lo intermediate levels
X E of aromatisation by hoating at 300°C under nitrogen for varying
i periods. The extent »f aromatisition wWwas calculated by the infra-red
and TGA to complete aromitiszatinn methods deseribed above. The glass
o transition temperature of each sample was then determined by
'_C differential scanniny calarimetry (DSC) at 10°C/min using a Perkin
Elmer System 7 instrument.
n
ﬁ Neutron Scattering
- Measurements were made in th4 solid state on proto/deutero plaques
‘>: prepared by solutian —<natine., The rolevant components were scolution
* blended in 1,2- dichloroethane at &% w/v concentration and the
solution was reprecipitated into ten times its volume of methanol. The
! polymer blend was reclaimed and drie! in vacuo for 28 hours at 60°C.
This blend was then redissolved in ', -dichloroothane at aoncentration
. of 30% Ww/w and an appropriate amount placed into a moulding frame and
; ;.,, the solvent removed hy controlled eviporation at 29%°C. This procedure
’ ,’: produced clear void free nlagues 32 ~m x 17 mm » 0.5 mm thick which
were used in the exporiments.
p' All samples were prepared using the same matrix polymer (H;,) in which
p 4 M, = 353K and M /M - J.o. The deatesated (Dy o0 equivalent tap
# molecules were preparead by moleoonl oo Ceaetjonation of a4 T solation in
P ’}' acetone at 30°C usip.s methanol s non-solvent of polymer in which Mw =
‘ J',.' 812K and M /M = 2.°0,
won
: y‘: Neulron Dcatbering: ooper jment ot e be o soamg Too enant oy 10k by
. .{':. weight of the DI tar molacgle, bt cne cample wie ctudie-t at 5% tag
. loading from which the concentration dependence of molecnlar weight
. was estimated, Det i)l ot the sampte o e proyicheo dn Tat b L0 Details
. g of the SANS measurcmont: are riven by Rallard and Seohelton'™ and other
references given in thi reviow piaper.,
) “
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o™~ HESULTS AND DISCUSCL R

i Microbial Oxidation ot Henoene

Although micro-orvaniams oxi i
literature!® i poor rates of

~ oxidation, they lacked the robustness necescary for larve seale

) » manufacture of 2. From a manufacturing site contaminated with

: hydrocarbons over many deca:ides we were able to isolate a new organism,
Pseudomonos putida 1 7H7. This organism oxhibited a high rate of

g benzene oxidation and was substantially more tolerant of high benzene
concentrations. the oxidation within the bacterial cell

hie to honcene were known in the

beoanne 0 tneir sensitivity o

The course of

o is as follows.
o
N . E1 oH E2 OH
2H + 02 + 2e + —_— —_—
t
- OH Oh
-
- E3
- (3)
E o
' - OH
\'-
~ COOH
CHO
¥, .«
The dindygenase F,, ~ith the aasictanee of the co=oatalyey

.

nicotinamide adenine diqunto g jde ia it pect gt ed fore
. reaets 4ith oxyren oy toorm 3. the oomnlete o
thin Yo o [ IR R S

HADY

Aoyt ot

PNALHY,

malecyla o gsed in

T
taons e ot gy

canvoerted ek to
cobhs T oty myeonie

11767 which

proooens oan
Cubsequently 2 15 e
A third enzyme, the 4i-wyconase b
3cid. By genetic manipnlatinon we rtodneed n
lacked enzyme E, necied Lo oxi iise

capp i
NADH.

syt ]

l.l1

sed by

variant 2f

: Since DHCD is water solabl~ it diffases cut of the cell into the
K Sh surrounding aquecmtis media and accurialates therein. The orpganisms
' ‘& praesently available wil! tolerate up to 9.%% lingiid benzene in water
: and the product ancumilites to the extent of 4o te 50 g/1 without
' k- inhibiting the axidation, Yiold on benzene is nearly 100% and DHCD is

h) the onty oxidation pratg-t, Unine this genetically modified organism
h 4 procens has heen devaelaped for the kilopram coale produaction of

Ly DHED. The orgianism o ased a1 eartaly st in a4 well mixed aerrated
. kg aqueous solution to whish benzene and ethanol are added!? [, '?,
' - Erhanol is oxidiced von caeborg dios b byt her ensymen in the

~ organism, thereby cupp!zing the ene vy coqaired by engyme 2 Lo drive
’ v the oxida“ion of ben-ene., At the end of the process DHOD s isolated
") by extraction with methylene chlerjto,
“ ;.
o & This process in now e ated din Toeo Titee rogotapes by peodfaee THCD
' and suhstituted cjo-dihvdrceataeh s comn s gt E el are noed an
: . chemical intermediatoes for fine chemicdd manaf aotare,
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Derivatives of pHOP

DHCD dehydrates A% teomp-eraturos in exeocns of L0000 Lo give phenol and
water. This aromat i iti - precess 18 catalysed by strong aclds,

In basic solutions or neatral media DHODY is quite 3table and can be
stored indefinitely below 2°C, Derivatisation of the latter can be
carried out at and above pH 7.4 without the formation of phenol and
the predominant react ions are base citalysed as shown in equation H,
where RX can be an a2id cnloride, anhydride or iodide and B an organice
tertiary base.

OH OR
2RX + 2B + _— + 2BHX

OH OR

The alkylation or azylation is aceonpliched in pure pyridine or
dimethylsulphoxide. It phosegene is the acid chloride a cyclic
carbonate is the product. In tabl> T s summarised the properties of
these derivatives,

Polymerisation of DHUID Derivatives usir - Radical Initiators

Initial experiments on the polymerisation of DHOD and ity derivatives
were unasuecesaful pecause »f contamination by small amounts of
impurities, including traces of phennl. Mcreover it was found that the
initiating radieals facilitarted the formatiosn of phenol, which
innibits polymerisation, when pure DHCD Wi used. On the other hand,
mast of the acyl derivatives could '+ palyvmerissd using radical
initiators either as the pure compound or Jdispersed in an organic
solvent in which jr 13 0t s laghle,

Studies »f the Hom polymerization <t DHD

Initial rates of polvnerisation of PHD derivatives weras measured
nsing dilatometry and at Righ canversions by o weiching the polymer
proeduced, In figars b i shown 1 bypical oonversion time curve
obtained gravimetrioally usine hennoyl peroxide aa initiater. Moot
effective polymeriaati ns Wwore obtained in the hoenece of solvent and

s

with theoe conditions jotymeprication world proceed almost b

complet ion withoat gireicalvy, In fipare 7 {2 chown the viariation in
Motorgl e e f it g et b b ambs qyes e doepeee of
SIS TRE SRS A O P L T R A comparedd o with o the Aropersity
Wowenorn bt fo oo ey e b s Tymer ot 1o of Lhese

m oomers 15 Al samiy e e e o Iymerination of acrylic esters,

Tho pel gt ionsralp et ween oy e e b abest s neenbe at ion e

ater oy b e e e ity g et e atad e andd s
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illustrated in Cicures 4 omd S0 Fgoat ion & cuvmarises the results of
these experiments, wi e [M]m And II}WJ”P the initial monomer and
initiator concentration: respectively,

1
Rp = -%('Ml = k[m:’(llf [0

The valuaes off tie wote - dbar woleht s of vhe pelymers obtained at these
Iow conversions wove o cloarer relyt onshis Letween the rociprical of
DPn and the square roct S the initiater oconecentration. This is shown
in figure 6 and i~ 2 - neeal foatare f the polymerisation of vinyl
monomer:s such as styrene and methylmethacryvlate,

The molecalar weivnt of tne polymer 1o sitive to the cencentration
of monomer and the procence of an ar o matic solvent reduces it
markedly., High molecalar weichls oan Hnly he obtained in the absence
of solvent. Also, the reaction terperature (= 3 parameter to which the
molecular weight is5 even more sensitive and there is a reduction by a
factor of 5 to 10 in m~l2cular weight if the polymerisation is carried
out at 90°C compared to bHooC,

Measurements of mnlecaldr weicht in the course Of rate measurements
also revealed that there was 1 line 1 relationship between rate of
polymerisation and the reciprorcal of Lhe number average degree pf
polymerisation. From this infurmation we derive values of k /kt for
the acetate and methylcarbonate derivitives., A comparison between
these values with thooe obtafned tor styrene and methylmethacrylate!
is shown in table 2.

"

)t
The plot of 1/0Pn vs Ry and 1/0Pn vs !ﬁatvé have positive intercepts.

This sugpests thers {0 2 sianifiecant trans"er of activity from the
propagating chain Lo rmonomer, This view 1o sapported by equation b
which shows an unuzually high order with recpect to monomer
concentration.

The effect of temper:ature on palyme-iszaticon rate s summarised in
Cigure 7, The enorpy oF aetivatisn forive | rom the slope 8 16,4
Keals/molse,

howias aloo founsd thyt Che palyroi oo pd a0 marked prescare
coafficient. and thyt e pate ar o < atme cpheren was o bao fotimes

Jreater than experinent s conduacted ot gt oapherie pressures, Also a.

Shown Tn tablee e Vgt e g bt - ot Pt fieant by Yo,

The Avnberated anatoc e of PEOD e cec Dy btained by replanine
henrene [n the pdoeeo bl ] e i oo henmene (0 0 0, The
sequence of regst o which (00 T e P et el except there jnoq
marved binet b o of et A e e e Nt wern Lhe deaterated
and protonated et gt anomes s in ot yee it ion, For this parpose we
Aetermine the dopr fg) ot o e ot o i the pare monomer

)

LYY ) W, ( M, 0 ’ " g " WA Il g
v, - (OO AR o 0 Uy Vg 0T Wy il Ry 85 0y OO v )
‘0. X A a Yoo a!"l‘-“‘&"l,".‘"l,"o""\ .c.i.lei'..O. D‘..c“.l‘l.-‘l.-.‘..t'l.-.i'!.l.'. 0'3‘0'1'0' ‘0'?‘-‘?';"'-"‘0'.'.“’;".0 0:"‘-‘.\!.“.' A,
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containing one per cent ot o an initiater and the molecular weight of
the polymer produced. The results htained are given in tanle 4.

The most important etfte-ct of deuter it ion wis Lo produce a marked
increase in molecnular woisht of the poylymer produced. This is wel
FroWn in roadieal polyvme-ination of viav]l monomers and is o ddae to o the
retardation ot the hi= looylar terspastion veaection and possibly to
differences in the rate -f allylic (=t o deuteron abstraction from
monom2r leading to desraadative cnaia troans o,

Polymerisation in organic diluents, in which the polymer i3 insoluble,
has been achieved usine <ispersiny yoents, The latter consists of i
polymethyl-methacrylate backbone ~it1 nide ohain derived {rom
12-hydroxystearic acid. Powders of v polymers derived from DHCU
acetate, benzoate, ant methyl carbionite hive been obtained. The
polymer consists of spherical partsi e with a4 reasonable narrow
distribution of parti~le s5izes whinh ~an be contrelled in the ranee
20400 pm, Althourh 01 C e derivat tves of DHOD can be polymerised
nsing dispersion techni-jies the bensvate and methyl carbonite do so at
particularly high rates and give polvmers with molecular weights of up
to one million, A preliminary look at the kinetics of the
polymerisation has been carried out which shows that at low
conversion:

hp w‘V.(Ij ()

where [[] is the coneentrarifin of the radical cenerator
azo=-bis-isobutyro- niteilo,  Simi! i ly, dlcpersity 13 less than Lwo at
low conversions, with a normal growth mechanism for the

macromolecule,

Confirmation and Stractare F Poly 1:H7L-0M ) in the Solid State
The availability 2fF to 11y denter el openjies make contormational
studies in solgrion et iy v et E gt e o ihle s The use of amal ]
atigle neutron oAt toprins COANTY L en e gy My oand the ralias of
cvrat ion (RWY by ot ki vt e ot HiYCoprine aoatteringe leongthe
19

Af the proton ol dent ooy oo owell ot ned? 0 These experiments

.

were caeried oot e Y e gt o ot e Mhanfred Stamn and Wil te
reported in debqi) in o2 laters punlication,

viold froe ol e~ @ S B S oo opined of my et e af
Pl y DD =TT e e g D e Dy et e gt e b T e,
ALT samplen were oo o b e o e e pnLymep CHTCY i whieoh
M - 282 0 ey M B T T O 1 R B K SCA CLATATSE FATRED I A0
fractionasion of A ped cmee foownd o rt bty My - BT 00 g MweMn -
SN Fraot ot o W bt e e e s T et e g
methana! At 2000, T car oy ajae 0 iy i tahle L0 MaToag e
Wl okt e af e et o e e e b e Ll ey
CLALLSY i solurioorg il din v by ata i neatr oot tering
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to dderive the

relat ionahip:
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This eqmation {5 typl ab ¢ g
Fausclan A ctrpbnt oo ot b i
In the micromalecigle [ntra-red an
DHOD=DMO e i
reaction in the palyme|
Pl an
The remaining resilaen oo

H H

sinant Ty
it ion. T

"hoat”

Jrie e e !

FTe

prorar by boaee

OR . OR

durine the
Streretageog]

43ta shows

polymestagr i Shown
nas a rantor ool
Conversion ti

Thermal Liptleny lerne

tne reon

et 10y ! S oot

polyvmer ohain in

ST g
UNMR o anatysis

oo iues

o UTRTL v e ol M e e et

Ty epeentration. The Tartae
et e SAND valaee were et

S beom o the latter we bt ained the

R 07

which there 10 3

und the centre ot mas:.,
show thit the
T:d adiition

constitute £5% of

o reglt o of
t hee

e confiiguration as o chown o in b,
toora Y addition reaction
OR
OR
9]
rob L, T admixture of theao two
coe e e le Wby e JUAN

coen{ ot ion

The polymers of DHUD noo-iyatives e b0 v raticed by hedatinge as
fibres or films in ti Vi atate o o o Taraan, The vt s be
follnwed usine thnerr ocavimetrio a0, anfra-red spectrosonpy

HINME.

Typicial roo 3t oo Shown o

The principal reactioca s Toading bt
8. The process i cmpanied by
acid tor eqch pheasterne cronip formes
examples civen [0 Fuoaee b e g
a0id from the acer ate, Yeoopoaate g
For practical reann: i preferrad
dimethylcarbonate, The o

acid, which deoomp o0 gmiye mete

: -

OR

In tables & oand 7 b me e Do e
rate o of e e gre s e Y v,
procoess probed Dyose e s gy
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The methylcarbonin aci i ind methyltihinstart nic acid derivatives of
OHUD diftfer from *the Ty 'e carbexyiioc o aeide in that the aromatisation
can be catilysed by str v tertiary nitrorcen bases and metal salts.,
Figure 11 1a typical f toe oftfect i ohws that potassium bromide
nratalyses the aromatisaticn and thepety rediyces the temperature at
Wwhioh the process cecepe o0 Addit] o0 iatoremation is riven in table 4,
which shows that n-octylamine is far more eoffective in this role than
metal salts, The role 0 tne bhase 1o »atalyaing the aromat isation of
the methylcarbonate derivatives [0 at precseont not understood,
N-methyl pyrollidone i ¢ good solvent Sor poly(DHCD-DMC) and also
citilyses the aromatisition, Surcr: cincsly the partially aromatised
polymer is solnble in tois solvent ip v <fomnle percent aromatised.
At Aeprees of qromati et Jeons tho ot polymer oan b isolated
and dissolved in aalyens A as methylene ehloride, chlorotorm ete.,
In figure 1.0 15 ~nown 4 vypioal de »p it ion ~upeye, This shows that
the aramatisati o jre feaut gt tyr i in this solvent . In ather
wWortdn Lo paet fal v e ot v e e o tae e e ey e Lot re res e
mere poadily o into g e preangre o T reests that the presence of
phienyylens ros e g ot b b oL rewene renldues Pl litaten
iromat it o, It e siven crroaximate componition by
pamt Al by gty e d coin oW Vogerent o phenylene
Frovips are present . Thee oy tin carr e re s iges inee Bxperimental
oot oan ! Are tarly ot b b P tpwhier temperatare of
Byalat
Ao gt et o in o "y . ’ omaien gl wedtht te he
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length is very lonv. The data in table 10 in which the molecular
welghts are obtained b, comparison ~ith standard polystyrene molecular
welights cannot be corresot because 1 the number of phenylene residues
in the polymer increas«<s there is 3 progressive increase in
hydrodynamic volume. This can be demenstrataed by comparing the
intrinsic viscositio~s f polymers «ith different degrees of

aromat isation as chown in tigure -,

t i3 known that the viscosity of a solution 2f a macromnlecule is
predominant 1y ddependent o the ofoe ~£ \gw'vn>!ﬁcn1@, eXpressed asothe
root-mean square radins (f gyration (32)1% aind not on the nature of the
polymer?®, This dofinity n leads to the expression:

1= @ () e

(9)
wherae  ic 1 conztant, M ia the moleatar weirht and x is 3 parameter
oxpireecsine deform gt oo 0 the pete alage fpmen o ioan oWl b the polymer
solvent interaction, i 15 evident trom (4} that at a constant
molecuylar weloht, [nf i markedly dependent on the volume of the
molecule Ve, given by:

.3
Ve = 47!'-(52) 2/3 (10}

The aromatication process i3 accompanied by a3 rransition trom a random
ol v e e gt e bl oo b s pandom g eagrgyrement ot
rigid rods coparated oy Tlexible cootiong of unaromatised molecules.,
AL the aromat ised fraet o inepeas the flexible units decline and
the average length of the roti-1ike 0 Tyohenylene sections inecreases,
Trin 135 shown clegely fn Ciimgpe T wheen the intrinsio viscosity
remainsg 2onstant for tne fipsy 200 -7 eonversion to phenylene units,
Pt oafter rhic o marke ! ineranae dr vt ein i viacosity oceurs. Since
this parametes (oo mevogre of ny e svnmoenio o wolume, it omunt bhe
conalopded gt tRi [rpeana pesgtto o best o in o part, fromoan
inecrogse in the rotius of gvration - the moalecgle as a conseqguence of
ait o sewtent s becomins o crteaieny 30 e chenylene unjts are formed. [t
i 4l peasible that 3acaeiation oY iodividoaal chains, through their

e omogt Lol et 0 e antor g e Y Coaem larger gyl omeraten,
contrabhates b tee s e snd e e o irenity,
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Is 60 percent cry ot al b Ry conty Db e mat Pegtian g oy 10850
crystallinities 2% 7H-=0 percent ~in b btained,

The absence of colowur vprests that the struecture s not eorplanar., In

.

table 11 iz viven the peineiple X-rav reflent fops sbtainsd noa
polymer powlder whose orvatallinity wis prroximately 60 percent. These
have been comparod with thnse repaet 4 i the Titeratgrse {or
para-linked alivophen, e, The most -~ ~plota stady {5 due 1o Rietweld,
Maslen and Clews'® of pr-topphenyl i whi~r Yoray Ajiftrac {oan was
csupplementod by negtron diffraction Lo pdent ity the positions of the
hydrogen atomo,

Aromatisation
temperaturs
powder or oagtine, Tiocepiently arnealior tale powder and fallowinge

the develapment ot cr ot altingty 0 it ecsent tomperatyre - produces

the results shown in “ic-ure 1ha, At romperatuyres bhelow 290°0 there s
ne recognisahle jacpre s o in eoryastal T inity . AT this temperatare thore
is a step-change i vt lTeyel of orvotallinity. Annealine At
temperatures abave oo fatter procda o 1 very high level of
crystallinity. If the precursor molemgle {5 aromatised above its glass
transition temaperiturs tion the crystallinity of the polymer:s
obtainable on subsequent annealing are chown in figure 14h, It would
appear that the crystailites formed fying the aromatisatinn process
impede the resppanication of the micromole~nles s that the maximum
possible crystallinity 1 not achievable,

coopragr mh‘, sl oW yfr; }31(34“"5","'1'1.‘31T,i“).'l

P e predomie e b e pphons pod vpteeny lene

These crystallites are ahsent from the polymer produced by
aromatisation bhelaw 13527, b {5 evifent that the onset of
crystallinity in figurs Yh3 i assc~ited with the increase in chain
mobility and determino: thopefore o clans-transition temperature 3s

2850 for amurphous polyphenylene,

in figure 15 15 Shewn tepe vaciatioo v e vlacs-transition

temperatiure f Lhe ree e oy matoog e i e extent of

v

aromitisation, [t shows 3 inereagss 00 7o fram o the flaxible precursor

melecnle wite fnoee L A S I B N T S AR ST N
gronps are Cormed, Do oaeve fina e ar e cher the Ty oof pagee

AMTP PSS ol ey e rympt s DTy D niape U b e o e
cageents thal the pres s eraaps aee el fermed initially fup to 3u%)
in blocks and dare oot e miy ) e Pt b oy the ohain, In the
latter cane the Torow 07 inoreye o000 0 veo prapidly Gith the degroee ot
Arcmat iaatton,

Thpes Yhema| Yoo IR R S AT ’ S ' ! s ot
el e b e e e qtmeennt o B T A R L A R A A P
s advant e i e L P N SO R L L B L IRV RSTRION
comp et bt e e B L O
peemye e gmurpe gt et 0t e Piar e D e e chon gt
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Suth coatings can e oot temperat e olose to 400°C and in the
absence of axyeen oven gt temperatucces £ H00°0C although there is
significant weizsne Lo initially, protatly Aduae to loss of higher
>ligomers., The £ilms reomiin coherent, uare not carbonised and still
retain their good olactrical insulatiosn ~characteristics. Total thermal
breakdown only oconrs at a significant rate at 600 to 800°C. At these
temperatures, in o an inertoatmosphero clicophenyls are produced of
general composition H-(CGH“)EH where n=3 to 11. No benzene or diphenyl

is produced. The reascon for the absence of the latter is not clear.

The oxidative stability in air is saperior to most other aromatic
polymers and coating: ~an withstand fempreratures of 350°C for short
periods without significant breakdown. The behaviour at 380°C in air
is compared in figure 1% with that in pure nitrogen.

Polyphenylene coatings previously desoribed have electricil
conductivities of 107" to 107'® ohm"! em™! and in this condition are
very gnod electriecal in=nlators. Thew have the added advant ave of
being free of inorgini contaminan' -

In table 12 is given »xamples of the 2tfoct 2f n oand p type dopants on
the electrical conductivity. The polipiwnylens films are pale yel low
in colour but on treatment with s»dium naphthialide they heoome hlack
and their conductivity markedly ineroa
This behaviour is repeated with tne :troar »lestron acrcept oo ayah a5
terrie enloride and e ceniz pental™ s 0 The cant s e e o

st give a cemi-coniet e

1130 as an organic ~oathode in an ~loot e ctpemical cell Inoownion Lithiuam
trifluormethyl sulphate i35 the elonte ! by
m- \

me o+ 0 ) o+ mld AR LI I (19 R

In their electrical behaviour the yivi «woleonlar welght polyvpnenvlene

films prepared 50 Par o apparrently TP ter Dt e feom the ol o omerie

polyphenylenes proevicoa:ly reported in tio literature?

EXAFS has proved te be g ounique o in providing structural
information to heln anicorstand tne »oontomism »f conductivity and
atability ot doped polyvpaenylene, For Feilly doping under anhyvdrous
c~onditions, it has boeg chown that Foo oo o bheepd inoa tetrahedrally
co=ordinated eI, with oan Fe-ol it anee of CUT440 Thics is quite
ditferent from Ferlly (+,11d) which i3 ootahedral with an Fe-Cl
distance af 2,344,

A sabsequent, paper Wil o doeseribe theco ceenglta in more detail and give
informaticn of oo e L copelyes e ot ion on the electriegl

conductivity,
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- CONCLUSTONS
The method described for producing - lyphenylene is being used in the
study of:
N (n polymeric electrodes which eombiine lonic and electron
" conduction
! (2) alignment layers for liguid orystal display systems
< .
s {3) production of carbon structures
~2 (4) protective coating for thermally stable polymers in chemically
e aggreassive environments
|y (5) catalysts are being developed which will enable a
}: predominantly linear polymer to be prepared
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Anthony Pickering, Alan Nevin, David Twuse, W Moran and D Platt.
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e CAPTIONS TO FIGURES !
bt Figure 1. }
Conversion time curve: for the polymeri=sition of various cis glycol
' derivatives using benzoyl peroxide 1¢ initiator, DHCD-DA;
DHCD-DB; DHCD-DHC: Temperature 200C [M] /[ 1] = 156
- Figure 2.
- The degree of polymeri-ation as A function of conversion., Conditions
of polymerisation as tor figure 1, PHCD=-DB; DHCD=-DA.
K Tigure 3.
Tne dispersity as 1 fanetion of cenversion. Conditions of
polymerisation as for Pigure 1, DHCD-DB; DHCD-DA.
vl
- o tymeerisation of BHOD-DA s a0 Cunetion of monomer
e sy benaoyl peraoxide, [IJO = 5,08 mM/litre, in
ttoooan 0 -0 s a4 tunetion of catalyst
e T rer widde, [M]” = h.37 M/litre.
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Figure 6.

Relationship between number average decree of polymerisation (DP) and
catalyst concentration for the polymerisation of DHCD-DA at 90°C in (
the absence of solvent, [M]o= 5.5 mols/i,

Figure T.
Arrehenius plot of polymerisation rate against temperature for
DHCD-DA.

Figure 8.
Plot of Rw against Mw using data in table 5.

Figure 9.

Thermal conversion to rolyphenylene at 300°C , poly(DHCD-DA);
poly (DHCD-DP); , Dolv(DHCD-DB); ,Dp2ly(D®-ring DHCD-DA); ,
poly(D'? DHCD-DA).

Figure 10.
Thermal conversion to polyphenylene at different temperatures. ’
Poly(DHCD-DMC); , poly(DHCD-DA).

Figure 11.
Catalysed thermal conversion of poly(DHCD-DMC) at 220°C. Catalyst KBr,
concentration 2 percent w/w.

Figure 12.

Aromatisation of poly(DHCD-DMC) in N-methylpyrolidone as solvent. The
process was followed using thermogravimetric analysis. Temperature
170°C, polymer concentrationf 5 percent w/w.

Figure 13.

Aromatisation of poly(DHCD-DMC) in H-metnylpyrolidone as solvent.
Samples removed and intrinsic viscosities determined by dilution. A
sharp increase in intrincic viscosity ~ceurs at 20 percent
conversion.

Figure 14,

The effect of annealinec temperature on the crystallinity of

polyphenylenes obtained under differing aromatisation conditions

(a) amorphous polyphenylene obtainad at 150°C

(b) semi-crystalline polyphenylen» obtained at 240°C. Annealing
time 17 hours.

Figure 15.
Glass transition temperatares faor pol rrors with different deprees of
aromatisation. The figure for 100 peecont aromatisation was obtained

from figure 1la, Measuroments carried cut using a differential
scanning calorimeter.,

Figure 16.
Thermal gravimetric analysis of a polyrhenylene coating at 380°C.
Sample previnously heated to 3207 in ‘iteagen for 24 hours.

(a) in nitrogen, initial 1,48 prreent lons due bo residual higher
aligomers
(b) in air
69
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Table |
Properties of Derivatives of DHCD

Derivative Bpt Mpt

Diacetate (DHCD-DA) 70 (0.1 mmHg) 40

Dipivalate (DHCD-DP) 110 (0.1 mmHg) 30

Dibenzoate (DHCD-DB) - 93

Di{p-NQ, Benzoate) - 106

Di(p-Br. Benzoate) - 159

Dimethoxyecarbonyl (DHOD=-DML) 105 (0.1 mmHg) 36

Diethoxycarbonyl (DHCD-DEC) P10 Liguid

Dimethylether (DHCD-DME) {010 mmig) Liquid
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Table 2

Comparison of ratios at 90°C of kinetic parameters for propogation
(kp) and termination (ki) for the polymerisation of vinyl monomers'®

R
Monomer kp kt
Styrene 0.05
Methylmethacrylate 0.10
DHCD-DMC 0.04
DHCD-DA 0.02
Table 3

Polymerisation of DHCD-DMC at 50°C and 3000 atmospheres in benzene as
solvent.

[MJo [CJo Conversjion Mw Mn
Mol/4% Mol/¢ per cent
2. L 0.0077 75.6 523,770 149,065
2.4y 0.031 f 90.3 422,430 134,580
2. Ly 0.015 76.3 431,360 157,130
4.1 0.015 70.0 563,050 171,720
Table N

Effect of deuteration on the initial rate of polymerisation of the
DHCD-DA at 40°cC.

Monomer 10°Rp Mw
¢ mol™! 3ec”!

CeHy (0.CO.CH,), (1H12) 66,600
CeDe (0.CO.CH,), SPEIE 55,390
CeHe (0.CO.CD,), PR 71,530
CeDe (0.€CO.CD,), (D12) 7,30 171,810
71
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i'- “ Neutron scattering study of Poly (DHCD-DM) in the Solid State.
o
] [

N SAMPLE CUDE | DI1. 107 . Mw D 1070 Mw | T0TE M R,
SRS LOAD NG LALLS (5PCY | (SANS) (Saws A
I‘|
D Corr.)
\
e I

,a‘., o

o BLEND 1 10 2.10 1.5 1.53 1.94 364
-,‘: _.:,
;. " 2 10 1.5 1.4 1.0 1.2 320
g
~,_::: . 3 10 0.860 1.7 0.530 0.627 230
bt a
' -
o - l 10 0.460 1. 0.368 0.467 174
o
o 5 10 0.250 1.9 0.188 | 0.238 119
K) h

®

non 1A 10F 10 1.6 1.8 1.46 1.86 326
SN

'Y =3 .
- 2A 5F 5 0.440 1.6 0.1424 - 171
e
(" B 24 10F 10 0.440 1.6 0.382 0.485 172
B ¢
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X
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Kinetic Data for the Aromatisation ot Virions Derivatives of
Poly(DHCD) Obtained From Thermal Gravimetric Analysis Results at

300°C

Table ¢

Derivative First “rder Rate Half-Life
Const oyt min™ ) (min)

poly (DHCD-DA) L Olk 15

poly(D-6 Ring DHCD-DA) 0,001 33

poly(D-12 DHCD-DA) 0012 58

Poly (DHCD-DP) 0.037 19

Poly (DHCD-DB) 0.034 20

Table 7

Kinetic Data for the Aromatisation of Poly(DHCD-DM) from Thermal

Gravimetric Analysis

Temperature
°C

p

" First Order Rate Half-Life
Constant. {(min™1) {(min)
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Composition »f partially Ar matised Poly(DHCD-DM)

Type of Residue Amont Analysis |

mole percent

[ 4 h il -
B3 =

30 IR, 810 em™!

! !
“ OCOOCH; |
o , 4 _
X ‘ 50 IR, 1750 cm™!

OCOOCH;

o
W N\ -
& : cC=0 5 IR, 1810 cm
/

, o)
OCOOCH; : ‘
™ 9 H'NMR
t OCOOCH;

6 H!NMR
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Solution Aromiatisation ot Poly(DHCD-DMC) at 148°C in NMP

initial concentration 15 percent w/v

Time Aromatisation GPC Resulgs
(Min) percent Mw Mw/Mn
0 0 139,700 2.34
40 o) 140,800 2.27
166 15 139,000 3.01
176 16 169,000 h.02
188 18 193,800 k.06
210 20 2W 3,700 6.U6
217 22 320,900 7.63
229 26 331,200 12.10
Table 11
Polyphenylene ! p-Terphenyl (13)
This paper
Principle Principle
Reflections Reflections Structural Feature
4.5 b, u0 Distance between phenyl
groups in some molecule
in the direction of the
principle molecular axis
3.9 3.83 Nistance between similar
centres of phenyl groups
in adjacent molecules all
'ying in the same plane
3.° .00 it anes between planes ot
malecoles
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| Table '

Flectrical Conductivity ot polyphenylene
K 8

Id

i

Dopant Conductivity Empirical
ohm™! c¢cm™! Formula

i T Taoe't
"t‘ l‘)

) Sodium n type 0.6 x 1072 -~
Naphthalide

<

h g

s

Ferric p type 1.5 x 1072
(CeH.) (FeCl,)
Ehidride otz
AsF, p type 1 x 10?2 (CeH,)(ASFS) .y,
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CALENDAR YEAR 1987
CONFERENCES
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(ASC Co-sponsor)
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